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ABSTRACT 
Dendrochronology in Northern Utah: Modeling Sensitivity 
and Reconstructing Logan River Flows 
by 
Eric Allen, Master of Science 
Utah State University, 2013 
Major Professor: Tammy Rittenour, Ph.D. 
Department: Geology 
Semi-arid valleys in northern Utah are home to the majority of the state 
population and are dependent upon winter snowpack in surrounding mountains for water 
for irrigation, hydropower and municipal use.  Water is delivered to the urban areas in the 
spring as discharge in rivers draining the mountains.  Understanding the natural 
variability and cycles of wet and dry periods enables water managers to make informed 
water allocations.  However, the complex regional climate teleconnections are not well 
understood and the shortness of the instrumental period does not allow for a full 
understanding of natural variability.  Paleo proxies can be used to extend the instrumental 
record and better capture natural variability.  This study uses dendrochronology to 
reconstruct streamflows of the Logan River in northern Utah over the last several 
centuries to provide water managers with a better understanding of natural variability.  
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This reconstruction involved sampling and creating three Douglas-fir, one limber pine 
and two Rocky Mountain juniper chronologies in northern Utah.  Combined with existing 
chronologies, three flow reconstructions of the Logan River were created: one using only 
within basin chronologies, one using all considered chronologies and one long 
chronology.  Employing regional chronologies resulted in the most robust models, similar 
to other findings.  Results indicate that the last several centuries exhibited greater 
variability and slightly higher mean annual flows than in the instrumental record (1922-
2011).  These reconstructions were created using species well established within the 
dendroclimatology literature such as of Douglas-fir and limber pine and the lesser used 
Rocky Mountain juniper.  The success of Rocky Mountain juniper suggests that it can be 
a useful species for dendroclimatology in other areas lacking more widely recognized 
species in semi-arid climates (e.g., pinyon pine). 
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PUBLIC ABSTRACT 
Dendrochronology in Northern Utah: Modeling Sensitivity 
and Reconstructing Logan River Flows 
by 
Eric Allen, Master of Science 
Utah State University, 2013 
Major Professor: Tammy Rittenour, Ph.D. 
Department: Geology 
The population centers in northern Utah are highly dependent upon snowpack for 
drinking water, irrigation, and hydropower.  When the snowpack melts in the spring and 
early summer, it feeds streams draining the Wasatch, Bear River, and Uinta Mountains.  
The rivers are diverted and dammed to deliver water to the greater Salt Lake metropolitan 
area.  In order to properly allocate this water, managers need to know how much water 
normally flows in the rivers and the frequency and magnitude of wet and dry periods to 
expect.  However, climate patterns in the region are not well understood and records of 
streamflows are too short to discern climate cycles that can be several decades long.  
Tree-ring records can be used to reconstruct past streamflow beyond the instrumental 
record and provides information on natural variability in the region.  Dendrochronology 
is the use of tree rings to reconstruct past events such as climate.  Trees limited by 
moisture will grow a thicker annual ring in wet years compared to dry years.  Tree-ring 
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records can also be used to reconstruct streamflow due to the relationship between 
precipitation and streamflow.  This study uses dendrochronology to reconstruct 
streamflows of the Logan River in northern Utah.  This involved collecting three 
Douglas-fir, one limber pine and two Rocky Mountain juniper chronologies in the Bear 
River Range of northern Utah.  Combined with existing tree-ring chronologies, 
streamflow reconstructions of the Logan River were created: one using only within basin 
chronologies, one using all considered chronologies and one from chronologies which 
were older than the year 1500.  The reconstructions using older and regional chronologies 
were the most accurate and show that the Logan River had more extreme and variable 
flows than in the instrumental period.  These chronologies will be used by regional water 
managers when allocating water resources and planning for potential future extremes. 
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CHAPTER 1 
INTRODUCTION TO THESIS AND RESEARCH 
The Wasatch Front and Cache Valley in northern Utah are the most densely 
populated parts of the state and are highly dependent upon winter precipitation as snow 
for municipal water supply, irrigation, and recreation. This dependence causes the 
region’s water supply to be sensitive to changes in snowpack. Climate models suggest 
that the western US will experience reduced snowpack, increased temperatures, and more 
severe and longer duration droughts under future increased greenhouse gas conditions 
(e.g. Barnett et al., 2004; Barnett and Pierce, 2009; Cook et al., 2004; Rauscher et al., 
2008). These changes are predicted to reduce water availability and intensify the effects 
of droughts and their economic impact (Rauscher et al., 2008). While long-term forecasts 
are possible for much of the western US, predicting drought cycles in northern Utah has 
been difficult because teleconnections between Pacific Ocean sea surface temperatures, 
the primary driver of precipitation in the western US, and northern Utah are complex and 
currently not well understood (Zhang et al., 1997; Rajagopalan and Lall, 1998; Jain and 
Lall, 2000; Wise, 2010). Northern Utah is located in the transition zone between the 
western precipitation dipole of the Pacific Northwest and American Southwest with 
respect to weather patterns associated with the Pacific Decadal Oscillation (PDO) and El 
Niño Southern Oscillation (ENSO) (Wise, 2010) (Figure 1-1). Precipitation in the region 
has been shown to be correlated with the 12-year Quasi-Decadal Oscillation (QDO) 
(Wang et al., 2011). Understanding the teleconnections between northern Utah and the 
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PDO, ENSO, and QDO is further hampered by the short length of the 
instrumental record compared to climate cycles which can last multiple decades. In 
addition to instrumental data, tree rings can be used to reconstruct past climate patterns, 
thereby extending instrumental records by hundreds of years. These longer-term climate 
records can be used to improve understanding of decadal to multi-decadal scale wet and 
dry cycles, which can improve water forecasts. 
This project will test the hypotheses that 1) the tree-ring growth patterns of 
Douglas-fir (Pseudotsuga menziesii), limber pine (Pinus flexilis) and Rocky Mountain 
juniper (Juniperus scopulorum) in northern Utah are significantly correlated with 
regional precipitation and 2) can be used to reconstruct mean annual flows (MAF) of the 
Logan River for the last several centuries (300-500 years). These species were selected 
due to their proven sensitivity to precipitation variability in other regions (e.g., Fritts, 
1976; Littell et al., 2008; Knight et al., 2010).  
Trees growing in climatically sensitive locations on Mt Naomi, the highest 
mountain in the Bear River Range, and other sites in northern Utah were sampled. The 
ring widths from tree cores collected at each sample site were measured, standardized, 
and compiled into tree-ring chronologies following standard procedures (Stokes and 
Smiley, 1968; Fritts, 1976). The chronologies were compared with streamflow and 
meteorological data to determine if statistical correlations existed. The robust 
chronologies were used to reconstruct regional streamflows up to 500 years ago, well 
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beyond the limits of the instrumental record for the region, which extends to the early 
1900s. 
HYDROLOGY AND CLIMATE 
US Western Hydroclimate 
The hydroclimate of the western US is complex and has been observed to change, 
especially in recent decades. The hydroclimate is the amount and timing of interannual 
and intrannual flows, which is influenced by temperature and the type and amount of 
precipitation. A regional decline in snowpack as evidenced by the April 1 snow water 
equivalent (SWE) has been observed during the latter part of the 20
th
 century (Gillies et 
al., 2012; Kalra et al., 2008; Das et al., 2009). The decrease in SWE is especially 
noticeable in Utah, Oregon, and Montana, and has also been associated with a decrease in 
streamflow in the Pacific Northwest (Kalra et al., 2008) and in the Columbia River Basin 
(Das et al., 2009). In addition, the peak in spring meltwater runoff in the Columbia River 
has occurred significantly earlier in recent years (Hidalgo et al., 2009). 
The variability of flows in the western US hydroclimate has also changed. Pagano 
and Garen (2005) analyzed changes in the variance, a measure of variability of 
streamflow, and persistence, the influence of flow in one year on the following years 
flow, of 141 streams in the western US. They found that the 1930s-1950s experienced 
low intra-annual flow variability and high persistence while after 1980, streams generally 
experienced high variability and high persistence. The increased persistence is similarly 
timed with an increased influence of ENSO in western US precipitation (Zhang et al., 
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1997) and the phenomenon is expected to be visible in the hydrologic record of the 
Logan River. 
Logan River Hydrology 
The Logan River is located in the Bear River Range of northern Utah. Elevations 
in the region range from the 3,035 m asl Naomi Peak in the to 1,341 m asl at the valley 
floor. The steep topography creates a significant orographic effect, resulting in a mean 
annual precipitation of 988.5 mm and mean annual temperature of 3.5 C in the mountain 
tops as observed by the Tony Grove SNOTEL station, elevation 2556 m (NWCC, 2010). 
Total annual precipitation as recorded at Tony Grove Lake SNOTEL station is strongly 
correlated (Pearson’s R= 0.84) with mean annual flow, MAF, of the Logan River (Figure 
1-2). The mean annual precipitation in the City of Logan is 450.09 mm with a mean 
annual temperature of 8.9 C.  
The Logan River is a spring snowmelt driven stream. The peak annual flows 
typically last 60-90 days between May and July with a mean peak daily flow of 21.0 cms 
(Figure 1-3). A portion of snowmelt reaches the channel through springs which discharge 
from aquifers in the Ordovician to Devonian limestone and dolomite bedrock of the basin 
(Spangler, 2009). The discharge from the larger springs in Logan Canyon range from 
0.03 to 2.1 cms and may compose up to 20% of the Logan River flow during the summer 
baseflow (Spangler, 2001). The ground springs flow is dominated by snowmelt, and the 
winter flows of the larger springs is negligible. 
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The MAF of the Logan River varies during the instrumental record and exhibits 
periods of persistence and variability (Figure 1-4). From 1922 until 1941, MAF varied 
greatly from year-to-year, and did not exhibit persistence. Between 1941 and 1977, MAF 
was more varied and exhibited greater persistence. During the period 1922-1950, the 
correlation between MAF and precipitation from differing data sets exhibited a near zero 
correlation. The differing precipitation data sets exhibit a temporally stable relationship, 
suggesting that the flow data before 1950 may be erroneous. 
After 1977, MAF appears to follow a pattern of 4-6 years of low flows, followed 
by 4-6 years of relatively higher flows. This pattern appears compressed to a several 
years of high and a couple years of low flows after 2005, such as 2005-2006. These 
shorter cycles exhibit strong persistence, as noted in other streams in the US west by 
Pagano and Garen (2005), but unlike their findings, which included all of the western US, 
the Logan River exhibits lower inter-annual variability. The shorter cycles are 
approximately the same lengths as the 2-7 year ENSO cycles, suggesting that the Logan 
River is responsive to ENSO (Wang et al., 2009). This is similar to the findings of Jain 
and Lall (2000) who found that the peak flows of Blacksmith Fork are correlated with 
ENSO, which has had an increased influence on precipitation in the intermountain west 
since 1975 (Wang et al., 2009).  
The flow duration curve of mean daily discharge of the Logan River exhibits a 
relatively low slope (Figure 1-5). This suggests that groundwater plays an important role 
in maintaining baseflows of the Logan River. Flow duration curves for high flow years 
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and low flow years are also plotted in Figure 1-5. High and low flow years are 
determined as having a mean annual flow greater or less than one standard deviation from 
the mean. The similar magnitude of baseflows in low flow years and high flow years 
indicate that baseflow is strongly controlled by groundwater. However, the flow duration 
curve in high flow years is more linear, indicating more high and moderate flows relative 
to the entire record. These higher flows are likely due to increased precipitation, as 
indicated by the strong correlation between annual precipitation and MAF (Figure 1-2). 
The flow duration curve in low flow years is much steeper for high flows and more 
gradual for moderate flows. This suggests decreased peak flows, resulting from spring 
snowmelt, occur over a shorter interval. 
Climate Teleconnections 
Precipitation in the western US is significantly correlated with the Pacific Decadal 
Oscillation, PDO, and El Niño Southern Oscillation, ENSO (Wise, 2010). However, the 
magnitude of the teleconnection varies and is strongest in the Pacific Northwest and 
Desert Southwest (Figure 1-1). These two regions experience ENSO cycles with 
opposing precipitation patterns. In other words, when one region experiences a high 
amount of precipitation, the other experiences a low amount of precipitation. This 
regional pattern is termed the western precipitation dipole due to its bimodal expression. 
During an El Niño year, the Southwest is wet and the Pacific Northwest is dry. 
Conversely, during a La Niña event, the southwest is dry and the Pacific Northwest is 
wet. Northern Utah and the Logan River lie in the transition zone of the two nodes of the 
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dipole. The result is that teleconnections associated with the PDO and ENSO cycles are 
usually weak (Wise, 2010).   Beginning in 1975, an increase in ENSO strength is thought 
to have caused an increased effect of PDO on Intermountain West precipitation (Wang et 
al., 2009; Zhang et al., 1997). Similarly, Jain and Lall (2000) found that precipitation and 
flood patterns of Blacksmith Fork are correlated with ENSO in certain years, and to a 
lesser degree, PDO. They found that up to 40% of the variance in flood frequency and 
magnitude was significantly related to PDO and ENSO fluctuations. These 
teleconnections may be present in any given year, but on a decadal timescale, the 
teleconnections are averaged out and no significant correlation is noticeable. However, 
the instrumental record only includes three full PDO cycles, thereby only capturing some 
of the natural variability (Brown and Comrie, 2004). 
The Great Salt Lake Basin is akin to a large rain gage with which to measure 
climatic fluctuations. The amount of water required to raise or lower the 4,402 km
2
 water 
body dampens the effects of high frequency wet/dry years, but retain the signal from 
multi-year events (Wang et al., 2010). Wang et al. (2010) found that the Great Salt Lake 
(GSL) water level is correlated with Pacific Ocean conditions, which occur in 12-year 
cycles termed the Quasi-Decadal Oscillation (Mann et al., 1995; Wang et al., 2009). The 
GSL level lags oceanic fluctuations by an average of six years due to a three-year lag 
caused by the phase shift in ocean cycles, followed by another three years during which 
GSL levels respond to the change in precipitation (Lall and Mann, 1995; Wang et al., 
2010).  
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DENDROCHRONOLOGY 
Applications of Dendrochronology 
Tree-ring based climate reconstructions have been conducted throughout the US, 
but are dominantly located in the west (Speer, 2010). Although the first chronologies 
were created from ponderosa pine and Douglas-fir, chronologies have been created using 
a wide variety of species. Several Douglas-fir, pinyon pine, and limber pine based climate 
reconstructions have been conducted in eastern Utah and the Rocky Mountains. These 
reconstructions have focused on drought occurrence (Meko et al., 2007; Knight et al., 
2010), precipitation (Gray et al., 2007; Villanueva-Diaz et al., 2007), temperature (Salzer 
and Kipfmueller, 2005), and streamflow (Carson and Munroe, 2005; Woodhouse et al., 
2006; Watson et al., 2009; Barnett et al., 2010). These studies have found periods of 
drought of greater magnitude and duration than those in the instrumental record as well as 
periods with greater water availability (Carson and Munroe, 2005; Watson et al., 2009; 
Barnett et al., 2010; Knight et al., 2010). A number of these studies have focused on the 
Colorado River Basin and its tributaries (Carson and Munroe, 2005; Woodhouse et al., 
2006; Barnett et al., 2010). 
Dendrochronology in Northern Utah 
Published tree-ring based climate reconstructions are largely lacking in northern 
Utah. Woodhouse (1989 ) created Douglas-fir chronologies on Naomi Peak, in the Bear 
River Range, the Raft River Range, and Deseret Peak to assess climate patterns 
(Woodhouse and Kay, 1990). However, these chronologies were analyzed for regional 
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tree-growth patterns and not climate or streamflow reconstructions (Woodhouse, 1989). 
This study will update Woodhouse’s Naomi Peak chronology by incorporating the last 25 
years of growth. Research goals also include sampling more locations throughout 
northern Utah and southern Idaho. 
 As previously mentioned, significant work has been accomplished in the 
Colorado River Basin. Meko et al. (2007) sampled live and dead trees to reconstruct 
streamflows of the upper Colorado River Basin. This study specifically assessed the 
impact of the Medieval Climate Anomaly on stream flow of the Colorado River flows at 
Lee Ferry, Arizona. They found that the observed low flows of the Colorado River from 
AD 1118-79 coincided with similar precipitation reconstructions in the Great Basin and 
Colorado Plateau. They noted that the reconstructed flows were relatively more 
pronounced than reconstructed precipitation patterns in the region. 
 In an attempt to better understand the spatial variability of streamflow variability 
within a watershed, Barnett et al. (2010) reconstructed flows of the Upper Green River 
Basin. The study involved three reconstructions of the mainstem of the Green River and 
six tributary streams. The streamflows were reconstructed using four newly created tree-
ring chronologies, updating two existing chronologies and 20 chronologies which had 
been used in similar studies. The reconstructed flows for the mainstem and tributaries 
exhibited similar patterns and variance, although glacially fed streams exhibited less 
interannual variance. Barnett et al. (2010) found that the 20
th
 century was generally 
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wetter and experienced less flow variability than observed in the reconstructed record. 
They note that as glaciers continue to melt, streamflow variability is expected to increase. 
 One of the longest precipitation reconstructions in Utah was conducted by Knight 
et al. (2010) based on trees on the Tavaputs Plateau in northeastern Utah. This was 
accomplished through using live and remnant Douglas-fir to create a chronology which 
extends to 323 BC. One of the motivations was to understand the effects of the Medieval 
Climate Anomaly on the region as well as search for wetter periods analogous to the 
early 20th century.  
Knight et al. (2010) observed several droughts, some which were more severe in 
duration and magnitude than in the instrumental record. The period AD 502-544 was the 
most severe drought found in the record, which is consistent with other findings. 
However, from approximately AD 1130 to 1300, the chronology records a period of 
dryness, which was immediately followed by a relatively wet period. Another significant 
dry period occurred between the 1600s to 1800s. The lengths of these droughts are 
greater than those recorded by instruments. Recognition that droughts greater those of the 
1930s or 1999-2002 presents water managers with the opportunity to plan and prepare for 
the possibility of such events. 
RESEARCH OBJECTIVES 
This project will accomplish the following objectives:  
 Update an unpublished Douglas-fir chronology on Naomi Peak 
(Woodhouse, 1989). 
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 Create climatically sensitive tree-ring chronologies northern Utah. 
 Create a GIS model to assist dendroclimatologists to better locate 
climatically sensitive trees. 
 Use tree-ring data to reconstruct Logan River streamflows. 
In the fall of 2010, a preliminary sampling of 42 trees on Naomi Peak (elevation 
3035 m), the highest peak in the Bear River Range, was conducted. Naomi Peak was 
selected as the site for preliminary data collection because of its proximity to SNOTEL 
stations at Tony Grove Lake (4 km away, 32 year record) and Franklin Basin (9 km 
away, 32 year record), a century long weather station (Utah State University, 23 km 
away, 117 year record), and proximity to a previously collected, preliminary chronology 
(Woodhouse, 1989). Based upon the success of that chronology, Douglas-fir, limber pine, 
Rocky Mountain juniper, and Utah juniper and were sampled in select locations in the 
Bear River Range and northern Utah using established methods (Stokes and Smiley, 
1968; Fritts, 1976; Speer, 2010). 
 The chapters in this thesis are organized beginning with an analysis of 
topographic and climatic influences on tree sensitivity at the tree and site level. These 
relationships are then used to model sensitivity. Chapter 3 is a manuscript of the 
reconstructed flows of the Logan River since 1605. Insights on longer-term water 
availability and variability can be used to inform water management. This reconstruction 
was successful in part due to the use of the seldom used Rocky Mountain juniper. This 
manuscript is intended for submission to the Journal of Water Resources Research. 
12 
 
 
REFERENCES 
Barnett, F. A., Gray, S. T., and Tootle, G. A., 2010, Upper Green River Basin (United 
States) Streamflow Reconstructions: Journal of Hydrologic Engineering, v. 15, p. 
567-579. 
 
Barnett, T. P., and Pierce, D. W., 2009, Sustainable water deliveries from the Colorado 
River in a changing climate: Proceedings of the National Academy of Sciences, v. 
106, p. 7334-7338. 
 
Barnett, T., R. Malone, W. Pennell, D. Stammer, B. Semtner, and W. Washington, 2004, 
The effects of climate change on water resources in the West: Introduction and 
Overview, v. 62, p. 1-11. 
 
Carson, E. C., and Munroe, J. S., 2005, Tree-ring based streamflow reconstruction for 
Ashley Creek, northeastern Utah: Implications for paleohydrology of the southern 
Uinta Mountains: The Holocene, v. 5, p. 602-611. 
 
Brown, D. P., Comrie, A. C., 2004, A winter precipitation ‘dipole’ in the western United 
States associated with multidecadal ENSO variability: Geophysical Research 
Letters, v. 31, L09203. 
 
Cook, E.R., Woodhouse, C. A, Eakin, C. M., Meko, D. M., and Stahle, D. W., 2004, 
Long term aridity changes in the western United States: Science, v. 306, p. 1015–
1018. 
 
Das, T., Hidalgo, H. G., Dettinger, M. D., Cayan, D. R., Peirce, D. W., Bonfils, C., 
Barnett, T. P., Bala, G., and Mirin, A., 2009, Structure and detectability of trends 
in hydrological measurements over the western United States: American 
Meteorological Society, v. 10, p. 871-892. 
 
Fritts, H.C., 1976, Tree rings and climate, Academic Press, London, 557p. 
 
Gillies, R. R., Wang, S., Booth, M. R., 2012, Observational and synoptic analyses of the 
winter precipitation regime change over Utah: Journal of Climate, v. 25, p. 4679-
4698 
 
Gray, S. T, Graumlich, L. J., and Betancourt, J. L., 2007, Annual precipitation in the 
Yellowstone National Park region since AD 1173: Quaternary Research, v. 68, p. 
18-27. 
 
13 
 
 
Hidalgo, H. G., T. Das, M. D. Dettinger, D. R. Cayan, D. W. Pierce, T. P. Barnett, G. 
Bala, A. Mirin, A. W. Wood, C. Bonfils, B. D. Santer, and T. Nozawa, 2009, 
Detection and attribution of streamflow timing changes to climate change in the 
western United States: Journal of Climate, v. 22, p. 3838-3855. 
 
Jain, S., and Lall, U., 2000, Magnitude and timing of annual maximum floods: Trends 
and large-scale climatic associations for the Blacksmith Fork River, Utah: Water 
Resources Research, v. 36, p. 3641-3651. 
 
Kalra, A., Piechota, T. C., Davies, R., and Tootle, G. A., 2008, Changes in US 
streamflow and western US snowpack: Journal of Hydrologic Engineering, v. 13, 
p. 156-163. 
 
Knight, T. A., Meko, D. M., and Baisan, C. H., 2010, A bimillennial-length tree-ring 
reconstruction of precipitation for the Tavaputs Plateau, Northeastern Utah: 
Quaternary Research, v. 73, p. 107-117. 
 
Lall, U., and Mann, M., 1995, The Great Salt Lake: A barometer of low-frequency 
climatic variability: Water Resources Research, v. 31, p. 2503-2515. 
 
Littell, J. S., Peterson, D. L., and Tjoelker, M., 2008, Douglas-fir growth in mountain 
ecosystems: water limits tree growth from stand to region: Ecological Society of 
America, v. 78, p. 349-368. 
 
Mann, M. E., Lall, U., and Saltzman, B., 1995, Decadal-to-centennial-scale climate 
variability: Insights into the rise and fall of the Great Salt Lake: Geophysical 
Research Letters, v. 22, p. 937-940. 
 
Meko, D. M, Woodhouse, C. A., Baisan, B. A., Knight, T., Lukas, J. J., Hughes, M. K.,  
and Salzer, W., 2007, Medieval drought in the Upper Colorado River Basin: 
Geophysical Research Letters, v. 34, L. 10705. 
 
National Water and Climate Center, 2010, SNOTEL open access data, Natural Resources 
Conservation Service online.  < http://www.wcc.nrcs.usda.gov/snow>. 
 
Pagano, T., Garen, D., 2005, A recent increase in western US streamflow variability and 
persistence: Journal of Hydrometeorology, v. 6, p. 173-179. 
 
Rajagopalan, B., Lall, U., 1998, Interannual variability in western US precipitation: 
Journal of Hydrology, v. 210, p. 51-67. 
 
14 
 
 
Rauscher, A. A., Pal, J. S., Diffenbaugh, N. S., and Benedetti, M. M., 2008, Future 
changes in snowmelt-driven runoff timing over the western US: Geophysical 
Research Letters, v. 35, L16703. 
 
Spangler, L. E., 2001, Delineation of Recharge Areas for Karst Springs in Logan Canyon, 
Bear River Range, Northern Utah: US Geological Survey Karst Interest Group 
Proceedings, Water-Resources Investigations Report 01-4011, p. 186-193. 
 
Spangler, L. E., 2009, Karst Hydrology in Utah – An Overview, 15th Annual International 
Congress on Speleolog, p. 1678-1683. 
 
Salzer, M. W, and Kipfmueller, K. F., 2005, Reconstructed temperature and precipitation 
on a millennial timescale from tree-rings in the southern Colorado Plateau, 
U.S.A.: Climate Change, v. 70, p. 465-487. 
  
Speer, J. H., 2010, Fundamentals of tree ring research: University of Arizona Press, 
Tucson, Arizona, 333p. 
 
Stokes, M. A., and Smiley, T. L., 1968, An Introduction to tree-ring dating: University of 
Arizona Press, Tucson, Arizona, 73 p. 
 
U. S. Geological Survey Water Resources, 2011, National Water Information System 
open access online, U. S. Geological survey. < 
http://nwis.waterdata.usgs.gov/nwis>. 
 
Villanueva-Diaz, J., Stahle, D. W., Luckman, B. H., Cerano-Paredes, J., Therrell, M. D., 
Cleaveland, M. K., and Cornejo-Oviedo, E., 2007, Winter-spring precipitation 
reconstructions from tree rings for northeast Mexico: Climate Change, v. 83, p. 
117-131. 
 
Wang, S., Gillies, R. R., Jin, J., and Hipps, L. E., 2009, Recent rainfall cycle in the 
Intermountain Region as a quadrature amplitude modulation from the Pacific 
decadal oscillation: Geophysical Research Letters, v. 36, L02705. 
 
Wang, S., Gillies, R. R., Jin, J., and Hipps, L. E., 2010, Coherence Between the Great 
Salt Lake level and the Pacific quasi-decadal oscillation: Journal of Climate, v. 
23, p. 2161-2177. 
 
Wang, S., Gillies, R. R., Hipps, L. E., Jin, J., 2011, A transition-phase teleconnection of 
the Pacific quasi-decadal oscillation: Climate Dynamics, v. 36, p. 681-693. 
 
15 
 
 
Watson, T. A., Barnett, F. A., Gray, S. T., and Tootle, G. A., 2009, Reconstructed 
streamflows for the headwaters of the Wind River, Wyoming, United States: 
Journal of the American Water Resources Association, v. 45, p. 1536-1554. 
 
Wise, E., 2010, Spatiotemporal variability of the precipitation dipole transition zone in 
the western United States: Geophysical Research Letters, v. 37, L 07706. 
 
Woodhouse, C. A., Gray, S. T., and Meko, D. M., 2006, Updated streamflow 
Reconstructions for the Upper Colorado River Basin: Water Resources Research, 
v. 42, W 05415. 
 
Woodhouse, C. A., and Kay, P. A., 1990, The use of tree-ring chronologies to show 
spatial and temoporal changes in an air mass boundary, Physical Geography, v. 
11, p. 172-190. 
 
Woodhouse, C., 1989, A dendrochronological study of the Great Salt Lake Basin, M.S. 
thesis,  University of Utah, Salt Lake City, March 1989, 77 p. 
 
Zhang, Y., Wallace, J. M., and Battisti, D. S., 1997, ENSO-like interdecadal variability: 
1900-93: Journal of Climate, v. 10, p. 1004-1020. 
 
  
16 
 
 
 
Figure 1-1. The correlation coefficient between October –March precipitation and June - 
November Southern Oscillation Index, a measure of the El Niño Southern Oscillation.  
The Logan River is encompassed by the black rectangle, located in the transition between 
the northern and southern dipoles.   The black line represents the continental divide.  
Modified from Wise (2010). 
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Figure 1-2. Top. Time series of total water year precipitation at the Tony Grove Lake 
SNOTEL station (gray) and naturalized water year MAF of the Logan River (black).  
Bottom. Plot of water year precipitation, versus MAF of the Logan River for the water 
years 1978-2010.  The water year in northern Utah is defined as October-September.  The 
Pearson’s R value is 0.82.  Precipitation is measured at the Tony Grove Lake SNOTEL 
(station 823) and streamflow data are from USGS gage 10109001.  (NWCC, 2010; 
USGS, 2011). 
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Figure 1-3. Naturalized mean daily discharge of the Logan River for water years 1922-
2010 as recorded by USGS gage 10109001. (USGS, 2011). 
 
 
 
Figure1-4. Mean annual flow of the Logan River from USGS gage 10109001 for the 
water years 1922-2010.  (USGS, 2011).
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Figure 1-5. Flow duration curve of the Logan River for all naturalized water years on record (blue, n=32,507 days).  The flow duration 
curve for low flow years (red, 16 years, n=5,844 days), mean annual flow less than 4.8m
3
/s, and high flow years (dark blue, 16 years, 
n=5,843 days), mean annual flow greater than 9m
3
/s.  Data are based water years 1922-2010 from USGS gage 10109001.  (USGS, 
2011).
1 
10 
100 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
D
is
ch
ar
ge
, c
m
s 
Duration 
Daily Flow Exceedence of the Logan River 
All Years Low Flow Years High Flow Years 
20 
 
 
CHAPTER 2 
QUANTIFYING INFLUENCES ON RING-WIDTH SENSITIVITY AT THE 
CHRONOLOGY AND TREE SCALE 
ABSTRACT 
 Dendrochronology can provide annually resolved reconstructions of climatic 
variables. The process requires locating and sampling trees sensitive to the climatic 
variable of interest. Typically this is accomplished by searching for isolated trees 
growing on south-facing, steep, rocky slopes. We analyzed environmental influences on 
tree sensitivity at the individual tree level and for chronologies. We sampled 261 
purportedly moisture sensitive trees in northern Utah. We used high resolution digital 
elevation models to determine slope, elevation, and aspect values. The variables were 
used to predict the sensitivity of Douglas-fir, limber pine, and Rocky Mountain juniper. 
Douglas-fir was most correlated with slope and aspect and Rocky Mountain juniper with 
elevation and aspect. The sensitivity of limber pine was not significantly correlated with 
any variable considered. We also conducted a chronology-level analysis using 
chronologies from a larger region using elevation, mean annual precipitation, mean 
maximum June temperature, and latitude/longitude as predictors. Results suggest that the 
sensitivity of all chronologies combined was significantly correlated with each variable. 
When individual species were analyzed, Douglas-fir was significantly correlated to mean 
annual precipitation and mean maximum June temperature, limber pine with latitude and 
longitude, and pinyon pine with elevation. Engelmann spruce sensitivity was not 
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significantly correlated to any variable considered. Results from this study can be used to 
inform future dendroclimatic samplings. 
INTRODUCTION 
Tree-ring chronologies are often used to extend the instrumental records back in 
time by reconstructing past climate variables such as precipitation (e.g. Knight et al. 
2010), drought (e.g., Cook et al. 2007), and streamflow (e.g., Woodhouse et al. 2006; 
Stockton and Jacoby 1976). Successfully reconstructed variables typically require 
crossdated ring-width data from trees that are responsive to the variable of interest, 
commonly moisture. Such trees are typically identified as those growing on steep, south 
facing, rocky slopes with limited moisture availability (Fritts 1976). Douglas-fir 
(Pseudotsuga menziesii) has an extensive distribution in western North America and has 
been used to characterize climatic variables such as temperature and water availability 
(e.g., Case and Peterson 2005; Littell et al. 2008; Griesbauer and Green 2010). Other 
studies have used slope, aspect, and soil type to predict the extent of old-growth forests 
(Stahle and Chaney 1994; Therrell and Stahle 1998). However, the extent to which the 
slope, aspect, and elevation influence sensitivity is not as well quantified although these 
topographic variables have been incorporated in forest growth models for some time (e.g. 
Wykoff et al. 1982). Sensitivity is described as the inter-annual variability in ring-widths 
and its value typically derived from the program COFECHA (Holmes 1983). Sensitive 
trees exhibit greater ring-width variability while complacent trees exhibit similarly sized 
ring-widths (Fritts 1976). 
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The canonical dendrochronology field-sampling strategy is to target trees growing 
at low elevations on steep, south facing slopes (Fritts 1976). Fritts (1976) provides a 
conceptual model of the relationship between these topographic variables and tree 
sensitivity. Quantitative forest models consider these variables, but often with regard to 
forestry metrics (e.g., tree diameter, wood volume, etc) or species presence/relative 
abundance (e.g., Griesenbauer and Green 2010). Examples of such models that utilize the 
relationship between slope, elevation, and aspect with sensitivity have been developed 
but typically only for species preferred for timber production, such as Douglas-fir (e.g., 
Wykoff et al. 1982). Therefore, these models provide limited usefulness in informing 
samplings for dendroclimatology studies.  
Studies have demonstrated that precipitation, temperature, and elevation influence 
tree-ring growth and should be considered in chronology site selection and when using 
tree-ring data for climatic analyses (Fritts 1976; Hidalgo et al. 2001; Wise 2011). 
Additionally, qualitative models of the relationship between latitude/longitude and tree-
grown sensitivity (e.g., Wilmking and Juday 2005; Littell et al. 2008) exist, but are not 
directly linked to climate and/or elevation. Geographic location has been shown to 
influence species presence or abundance (e.g.,  Rehfeldt et al. 2006; Griesbauer and 
Green 2010). Explicitly quantifying the relationship between precipitation, temperature, 
elevation, geographic location, and their interaction would provide such linkages. 
This study analyzes sensitivity at the tree and chronology levels. Tree-level 
sensitivity is analyzed as a function of slope, elevation, and aspect and chronology 
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sensitivity analyzed with mean annual precipitation, mean maximum June temperature, 
elevation, and latitude/longitude. Two hundred sixty-one trees located in the Bear River 
Range, northern Utah are used for the tree-level analysis and 44 chronologies from 
northern Utah, southeast Idaho, northwest Colorado, and western Wyoming are used in 
the chronology-level analysis. Explicitly quantifying the relationship between 
precipitation, temperature, elevation, geographic location, and their interaction would 
provide such linkages. 
BACKGROUND 
The Bear River Range is located in northern Utah along the margin of the Great 
Basin and Rocky Mountains (Figure 2-1). Its highest point is 3,035 m high Naomi Peak 
and valley elevations are slightly greater than 1000 m. The steep topography creates a 
significant orographic effect as exemplified by the differing climates between the 
mountain tops and valley floors. The mountain tops experience a mean annual 
precipitation of 989 mm and mean annual temperature of 3.5 C as observed by the Tony 
Grove SNOTEL station (2556 m, period of record 1975-present) (NWCC, 2010). In 
contrast, the mean annual precipitation in the City of Logan (1,372 m) at the base of the 
Bear River Range is 450 mm with a mean annual temperature of 8.9 C (period of record 
1893-present) (Utah Climate Center 2010). Vegetation varies with precipitation, with 
sagebrush, grasses, and forbes dominating the valley floors and giving way to Utah 
juniper (Juniperus osteosperma) and Rocky Mountain juniper (Juniperus scopulorum) on 
the lower slopes. Douglas-fir is common at higher elevations, but is present at lower 
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elevations on shaded north facing slopes. Limber pine (Pinus flexis) and Engelmann 
spruce (Picea engelmannii) occur on most aspects at higher elevations, although the 
former can be found as low as 1800 m in places. 
DATA AND METHODS 
The relationship between tree sensitivity, inter-annual ring-width variability, and 
environmental variables was analyzed at the tree and chronology levels. Tree-level 
variables include slope, aspect, and elevation. Chronology-level variables comprise 
latitude/longitude, elevation, mean annual precipitation, and mean maximum June 
temperature. The tree-level analysis utilized tree-ring data from a dendroclimatology 
study in the Bear River Range, northern Utah.  This included 261 Douglas-fir, limber 
pine, and Rocky Mountain juniper used to create chronologies (Figure 2-1 inset). The 
chronology-level analysis included 44 chronologies between latitudes of N39° to N44° 
and longitudes W-107° to -114° obtained from nearby studies and online from the 
International Tree-Ring Data Bank (ITRDB) (Figure 2-1 and Table 2-1; 
http://www.ncdc.noaa.gov/paleo/treering.html). Sensitivity values of individual trees and 
chronologies not in the ITRDB were obtained using the program COFECHA (Holmes 
1983) while sensitivity of chronologies from the ITRDB were acquired online (Table 2-
1). Chronology sensitivity is the mean sensitivity of all tree-ring series of a given species 
at a given site. 
Topographic variables for the tree-level analysis were determined using ArcGIS. 
Elevation, slope, and aspect values for each tree were extracted from 10 and 30 meter 
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DEM data coverages of the Bear River Range (Figure 2-2) (downloaded from the US 
Geological Survey National Viewer 2.0 http://viewer.nationalmap.gov). The 10 m DEM 
data were used to determine elevation of each tree while the 30 m DEM was used to 
create rasters of slope and aspect. 30 m DEM data were used to calculate slope and aspect 
as the larger cell size is assumed to capture the general character of the tree location and 
mute small topographic features in the landscape. The finer resolution of the 10 m DEM, 
vertical error 2.44 m, is assumed to be more accurate for determining the elevation of the 
trees than a handheld GPS. The coefficient of correlation (Pearson’s r) between each 
topographic variable and the sensitivity of all trees, as well as the correlation with the 
sensitivity of each tree species, were determined (Table 2-2). 
Environmental variables for the chronology-level analysis were obtained using 
ArcGIS and metadata available on the ITRDB.  Chronology elevation, latitude, and 
longitude values were acquired from the ITRDB or via personal communication with the 
collector (Table 2-1 and Figure 2-4).  Mean annual water year precipitation and mean 
maximum June temperature were determined using gridded climate normals for the water 
years 1971-2000 from the Parameter-elevation Regression on Independent Slopes Model 
(PRISM) (Table 2-1; Figure 2-4; online at http://prism.oregonstate.edu). Due to the 
coarse nature of listed coordinate values (often of 0.01°) slope and aspect values for each 
chronology were not determined. Latitude and longitude were considered to assess 
potential spatial patterns. The coefficient of correlation (Pearson’s r) between each 
topographic variable and the sensitivity of all chronologies, as well as the correlation with 
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the sensitivity of each tree species, were determined (Table 2-3). In order to capture 
potential orographic effects on sensitivity, the correlation between sensitivity with the 
interaction variables of elevation-precipitation, elevation-temperature, and precipitation-
temperature were determined (Table 2-3).  
Tree and chronology level sensitivity was modeled as a function of environmental 
variables using stepwise multiple linear regressions. The sensitivity of each species at the 
tree and chronology level was also modeled. Environmental variables and their 
interactions were entered in the regressions ordered by their correlation to tree or 
chronology sensitivity (Tables 2-2 and 2-3). Only predictors significant (p≤ 0.05) 
confidence level were retained (Table 2-4). Potential model bias was evaluated by testing 
for correlation between model residuals and modeled values (Table 2-4). None of the 
model residuals exhibit significant correlation, indicating that the models are unbiased. 
Models skill was verified by testing for correlation between modeled and actual 
sensitivity values (Table 2-4). Only the model of Englemann spruce sensitivity did not 
include significant predictors.  
RESULTS 
Tree-level analysis 
 The coefficients of correlation between the sensitivity of all trees combined and of 
each species with elevation, slope, and aspect are presented in Table 2-2. The sensitivity 
of all trees combined was significantly correlated with elevation and slope, but not 
aspect. Douglas-fir exhibited a significant correlation with slope and aspect, in agreement 
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with prior findings (Wykoff et al. 1982). Tree-level sensitivity of limber pine was not 
significantly correlated with any of the topographic factors, despite being sampled on 
similar slopes, aspects and elevations as Douglas-fir. Rocky Mountain juniper, the most 
sensitive tree analyzed, was significantly correlated with elevation and less significantly 
(p≤0.10) with aspect (Table 2-2). 
 Aspect and the interaction of aspect with elevation explained the most variance of 
sensitivity among all trees. Slope and aspect were the best predictors of Douglas-fir 
sensitivity, but explained less than ten percent of its variance. A significant predictor of 
limber pine sensitivity was not determined. Elevation and slope explained 36% of Rocky 
Mountain juniper sensitivity, more than the tree-level analysis models. Of the individual 
trees, only junipers were sampled on south to southwest facing slopes (Figure 2-2), 
although they were less significantly correlated with aspect (Table 2-2). 
Chronology-level analysis 
 Sensitivity of the 44 chronologies were significantly correlated (p≤0.05) with 
latitude, longitude, elevation, mean annual precipitation, and mean maximum June 
temperature (Table 2-3). When species comprising five or more chronologies were 
considered, Engelmann spruce did not exhibit a significant correlation with any variable. 
However that species was present at only five locations within the study area. The 
chronology sensitivity of two-needle pinyon was significantly correlated with elevation. 
Limber pine was the only species significantly correlated with longitude and less 
significantly with latitude (p= 0.077). Only Douglas-fir sensitivity was significantly 
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correlated with mean maximum June temperature and mean annual precipitation. Some 
variables that were not significantly correlated to a given species sensitivity (i.e., 
elevation and limber pine) (Table 2-3) were significant in modeling sensitivity of that 
species (Table 2-4). 
 The sensitivity of all chronologies combined, and each species comprising at least 
five chronologies, were modeled with stepwise linear regressions using predictors of 
mean annual precipitation, elevation, mean maximum June temperature, and latitude 
(Table 2-4). Each model explained at least 45% of sensitivity variance (Table 2-4). Mean 
annual precipitation and elevation were significant predictors in four models. 
Precipitation by itself and in interaction with temperature and elevation was a significant 
predictor of sensitivity for all chronologies and accounted for 47.8% of the variance 
(Table 2-4). Precipitation predicted 45.2% of the chronology-level Douglas-fir 
sensitivity. Sensitivity of two-needle pinyon was modeled using elevation and the 
interaction between temperature and precipitation, which explain 81.3% of its sensitivity 
(Table 2-4). Two-needle pinyon occur at lower elevations with less precipitation and 
greater maximum June temperatures than the other chronologies (Table 2-1; Figure 2-3). 
Only latitude and longitude were significantly correlated to limber pine (Table 2-3), but 
temperature and elevation explained 72.4% of its variance when used individually and as 
an interactive term (Table 2-4). Latitude and elevation were used to model 71.4% of 
Engelmann spruce sensitivity, but suffer from a sample depth of five chronologies (Table 
2-4). 
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DISCUSSION 
 Chronology and tree-level analyses were performed to invest the relationship 
between sensitivity and topographic and climatic variables.  The analyses utilize different 
predictors at different spatial scales. The tree-level sensitivity models exhibit low skill, 
especially compared to chronology sensitivity models, despite a greater sample size 
(n=261 trees, n=44 chornologies) (Table 2-4). Regressing the sensitivity of trees from 
multiple locations may involve more noise than using chronology-level values as each 
tree will introduce different noise due to its unique character (i.e., microclimate, soil type, 
slight shading, etc). This supports sampling several trees at a given site in order to 
enhance the signal to noise ratio of a chronology (Fritts 1976; Cook and Kairiukstis 
1990). 
Slope and aspect values, obtained using the same method as for determining tree 
elevation, were not considered in the chronology-level analysis due to the coarseness of 
available chronology coordinates. In many cases, these coordinates are accurate to the 
nearest tenth degree of latitude or longitude. More accurate chronology site locations 
would enable determining aspect and slope values, which would allow an analysis of 
these variables with sensitivity. However, the coarse coordinates did not appear to affect 
the analysis of precipitation and temperature with sensitivity. 
Despite being sampled at only two locations, sensitivity of Rocky Mountain 
juniper trees is significantly correlated with elevation (Table 2-2). This suggests that they 
are more sensitive to topographic variations than more commonly used species such as 
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Douglas-fir and limber pine. A chronology-level analysis of Rocky Mountain juniper was 
not conducted due to only having two chronologies available. Elsewhere, they have been 
shown to be sufficiently sensitive for dendroclimatic studies (e.g., Sieg et al. 1996; 
Graumlich et al. 2000). Although common in the region and present from Mexico into 
Canada, few Rocky Mountain juniper chronologies are available in the ITRDB. Creating 
new chronologies would enable a chronology-level analysis and validate the strength of 
the observed tree-level correlation with elevation. Tree-level Rocky Mountain juniper 
sensitivity was not significantly correlated with slope, possibly due to the homogeneity of 
slope values, 68% of which are between 30.4-36.3° (Figure 2-2). However, slope is a 
significant predictor when used to model Rocky Mountain juniper sensitivity (Table 2-4). 
Regional precipitation is influenced by orographic effects due to the mountainous 
topography in the study area. The orographic effect is a likely reason why elevation is a 
significant predictor in four of the five chronology-level models and half of the tree-level 
models (Table 2-4). Previous work, which included the portion of Wyoming considered 
in this study, of the relationship between winter precipitation and tree growth in the 
central Rockies found that elevation and seasonality of precipitation were important 
factors in the ability of a chronology to captured the regional climate signal (Wise 2011). 
 Similarly, this study found that at the chronology-level, only Douglas-fir 
sensitivity is significantly correlated with mean water year precipitation and mean 
maximum June temperature (Table 2-3). Yet these are also significant predictors of all 
species combined and two-needle pinyon sensitivity (Table 2-4). That three of the models 
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used predictors related to the orographic effect (elevation, precipitation, temperature) 
suggests that orography influences chronology-level sensitivity. Elevation, temperature, 
and precipitation are used to model sensitivity as individual predictors and in interactions 
(Table 2-4). This indicates that the orographic effect on chronology-level sensitivity is 
difficult to model and varies by species. Chronology-level Douglas-fir differs from the 
other species in that it is modeled using only precipitation, which is orographically 
influenced. Two-needle pinyon pine is influenced by elevation, precipitation, and 
temperature, indicating a strong orographic influence (Table 2-4). 
The individual and interaction terms of temperature and elevation predicted 
limber pine sensitivity, which suggested that limber pine are more influenced by 
temperature. Figure 2-4D shows that limber pine experience generally cooler 
temperatures than the other species, even though they were sampled on similar elevations 
as Douglas-fir (Figure 2-4B). This may partially explain why they are generally more 
complacent than Douglas-fir. Engelmann spruce, which occur at higher elevations, 
experience more precipitation and cooler June temperatures than the other species which 
likely contributes to their complacency (Figure 2-4). Only using five chronologies is 
likely insufficient to determine a significant relationship between sensitivity and 
environmental variables. The most sensitive species considered, two-needle pinyon, grow 
in the hottest and generally the driest locations considered in this study (Figure 2-4), yet 
are best modeled using elevation and the interaction between these two variables (Table 
2-4). 
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The highest elevation sites, and therefore wetter and cooler, chronologies within 
the study area are generally farther north, likely the cause of latitude as a predictor of 
regional sensitivity. This may be an artifact of the latitudinal stratification of species as 
the more sensitive two-needle pinyon generally occurs farther south and the complacent 
spruce occur farther north. This study area encompasses the northern portion of the 
relatively dry Colorado Plateau, which is in the intermediate precipitation tolerance of 
two-needle pinyon but largely too hot and dry for Douglas-fir. Encompassing cool, wet 
mountains and the hot, dry Colorado Plateau at the ecological extent of Douglas-fir 
contributes to the strength of the observed relationship between Douglas-fir sensitivity 
and climate.  
CONCLUSION 
 The chronology-level sensitivity analysis produced more robust results than the 
tree-level, indicating that sampling several trees at a given location will best capture the 
tree signal there. Only tree-level sensitivity of Rocky Mountain juniper exhibited 
moderate correlation to one of the topographic variables considered (Table 2-2), The 
chronology-level analysis reveals that species is an important predictor of sensitivity, as 
two-needle pinyon pine and Rocky Mountain juniper appear sensitive across the study 
area while limber pine and Engelmann spruce are relatively complacent (Figure 2-4). 
Complacent and sensitive Douglas-fir are present in the region, likely a result of 
occurring at the higher and wetter locations as well as lower, drier, and hotter locations 
(Figure 2-4). Studies seeking new sensitive chronologies within this region should sample 
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two-needle pinyon pine, and if absent, Rocky Mountain juniper or low elevation 
Douglas-fir. Orography influences sensitivity at the chronology-level and should also be 
considered when locating new sample sites. This confirms the canonical low-elevation 
site selection criteria for moisture sensitive chronologies 
 The presented results may be limited to this study area due to the influence of 
latitude and longitude on temperature, precipitation, and species presence. However, the 
general trends, such as Douglas-fir being most responsive to changes in precipitation, can 
be translated to new regions. Locating new sites to develop chronologies using a 
sensitivity model, such as that presented here, requires existing tree-ring data to calibrate.  
Using a limited number of chronologies may produce poor models, such as with 
Engelmann spruce. However, this analysis suggests that locating new chronologies is best 
informed by considering species and precipitation. Once a researcher is at a sample site, 
qualitative tree selection could lead to a more sensitive chronology. 
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Table 2-1. Descriptive statistics of chronologies used in chronology-level analysis obtained from the International Tree-Ring Databank 
and studies within the region. Chronologies denoted with an asterisk were used in both the tree-level and chronology-level analysis. 
Precipitation and temperature values are the 1971-2000 PRISM climate normals for the coordinates provided. 
Chronology 
Latitude, 
degrees 
Longitude, 
degrees 
Elevation
, m Species Sensitivity Contributor 
Mean annual 
precipitation, mm 
Mean maximum 
June temperature, C 
JTD* 41.81575 -111.63238 2105 PSME 0.198 DeRose, J.; Allen, E. B. 690 23.2 
JTL* 41.81567 -111.63245 2109 PIFL 0.186 DeRose, J.; Allen, E. B. 690 23.2 
JTR* 41.81596 -111.63201 2102 JUSC 0.222 DeRose, J.; Allen, E. B. 690 23.2 
LFR* 41.65104 -111.71273 1970 JUSC 0.277 Allen, E. B.; Canh, N.L.; Nguyen, 
T.; Hoai 
833 22.7 
MCD* 41.36794 -111.97894 2294 PSME 0.242 DeRose, J.; Allen, E. B.; Canh, N.L. 1726 18.8 
MCL* 41.36694 -111.97998 2297 PIFL 0.232 DeRose, J.; Allen, E. B. 1726 18.8 
NAD* 41.90588 -111.65809 2718 PSME 0.182 Allen, E. B.; Rittenour, T.M.; 
DeRose, J. 
1276 16.4 
PPD* 42.20101 -111.54786 2851 PSME 0.197 Allen, E. B.; Canh, N.L.; Nguyen, 
T.; Hoai 
1158 16.1 
PPL* 42.19869 -111.54987 2764 PIFL 0.231 Allen, E. B.; Canh, N.L.; Nguyen, 
T.; Hoai 
1158 16.1 
WRD* 41.36846 -111.96639 2833 PSME 0.215 DeRose, J.; Allen, E. B.; Canh, N.L. 1831 15.9 
WRL* 41.36754 -111.96562 2835 PIFL 0.198 DeRose, J.; Allen, E. B.; Canh, N.L. 1831 15.9 
CO580 39 -108.15 2987 PSME 0.217 Woodhouse, C.A.;Losleben, 
M.V.;Lukas, J. 
833 18.0 
CO595 39.83 -108.20 2050 PIED 0.309 Woodhouse, C.A.;Losleben, M.V. 457 26.0 
CO599 39.6 -108.8 2591 PSME 0.303 Woodhouse, C.A.; Lukas, J.; 
Wilkinson Kaye, M. 
515 20.7 
CO615 40.05 -108.30 1900 PIED 0.251 Woodhouse, C.A.; Losleben, M.V. 380 26.0 
CO616 40.78 -108.97 2133 PIED 0.474 Woodhouse, C.A.; Lukas, J.; 
Wilkinson Kaye, M. 
261 24.9 
CO621 39.670 -107.88 2073 PIED 0.424 Woodhouse, C.A.; Lukas, J. 509 21.8 
CO650 39.02 -108.23 2636 PIED 0.514 Woodhouse, C.A.; Losleben, M.V.; 
Lukas, J.; Chowanski, K. 
730 20.9 
3
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Table 2-1 continued.       
Chronology 
Latitude, 
degrees 
Longitude, 
degrees 
Elevation
, m Species Sensitivity Contributor 
Mean annual 
precipitation, mm 
Mean maximum 
June temperature, C 
EUR 39.98980 -112.17500 2070 PIMO 0.326 Bekker, M. M. 572 24.1 
RSM 40.25650 -111.41700 2130 PIED 0.311 Bekker, M. M. 672 22.4 
TNR 40.14089 -111.33630 1950 PIED 0.307 Bekker, M. M. 655 23.8 
UT013 40.78 -110 3353 PCEN 0.165 Harsha, J.B.; Stockton, C.W.; 
Jacoby, G.C. 
807 14.6 
UT501 40.57 -109.95 2289 PSME 0.383 Stockton, C.W.; Harsha, J.B.; 
Jacoby, G.C. 
504 22.4 
UT505 39.78 -110.3 1920 PSME 0.486 Stokes, M.A.; Harlan, T.P. 369 24.1 
UT508 39.42 -111.070 2805 PILO 0.390 Graybill, D.A. 598 21.5 
UT510 39.58 -111.33 2970 PCEN 0.179 Briffa, K.; Schweingruber, F.H. 759 17.3 
UT512 40.57 -111.63 3150 PCEN 0.163 Briffa, K.; Schweingruber, F.H. 1345 13.7 
UT525 40.9667 -109.4167 2190 PIED 0.438 Gray, S.T.; Jackson, S.T.; 
Betancourt, J.L. 
338 24.3 
UT526 39.8167 -110.6667 2235 PIED 0.413 Gray, S.T. 579 21.3 
UT527 39.8333 -110.1667 2145 PIED 0.436 Gray, S.T. 301 26.5 
UT530 39.6 -110.333 2134 PSME 0.482 Meko, D.M.; Baisan, C.H.; Knight, 
T.A. 
465 21.1 
WY002 43.08 -110.07 2500 PIFL 0.256 Harsha, J.B.; Stockton, C.W.; 
Jacoby, G.C. 
430 19.7 
WY006 43.7 -110.52 2179 PIFL 0.309 Ferguson, C.W.; Loope, L. 1049 17.0 
WY013 43.22 -110.78 1981 PSME 0.287 Ferguson, C.W.; Parker, M.L. 533 22.3 
WY022 41.3 -107.7 3150 PCEN 0.165 Briffa, K.; Schweingruber, F.H. 305 25.1 
WY025 43.72 -110.05 2820 PCEN 0.170 Briffa, K.; Schweingruber, F.H. 957 14.3 
WY026 41.87 -110.80 2225 PIFL 0.262 Cook, E.R.; Meko, D.; Dai, K. 373 21.3 
WY028 43.43 -109.55 2696 PSME 0.488 Waggoner, L.; Hill, S. 334 19.1 
3
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Table 2-1 continued.       
Chronology 
Latitude, 
degrees 
Longitude, 
degrees 
Elevation
, m Species Sensitivity Contributor 
Mean annual 
precipitation, mm 
Mean maximum 
June temperature, C 
WY037 43.6167 -110.4333 2300 PIFL 0.265 Wise, E.K. 2010 885 19.8 
WY038 42.8 -110.6 2743 PIFL 0.210 Brown, P.M.; Woodhouse, C.A. 1037 15.2 
WY041 42.55 -108.8167 2731 PIFL 0.276 Gray, S.T.; Pederson, G.T.; Abel, K. 713 17.6 
WY042 42.45 -108.8667 2431 PIFL 0.324 Gray, S.T.; Pederson, G.T.; 
Watson, T.; Barnett, A. 
406 20.3 
WY043 42.85 -109.6333 2431 PSME 0.345 Gray, S.T.; Pederson, G.T.; 
Watson, T.; Barnett, A. 
353 20.9 
WY045 42.9667 -109.7667 2430 PSME 0.312 Gray, S.T.; Pederson, G.T.; 
Watson, T.; Barnett, A. 
434 18.3 
 
 
 
 
Table 2-2. Tree-level coefficient of correlations (R) between the sensitivity of all trees together and separated by species with slope, 
elevation, and aspect. Gray values indicate insignificant correlation values (p>0.10), asterisk indicates significance 0.05<p≤0.10, and 
black font are significant (p≤0.05).  n refers to the number of trees considered in each analysis. Trees are from the chronologies in the 
inset map in Figure 2-1. 
  n elevation slope aspect 
All 261 -0.263 0.172 0.074 
PSME 147 -0.116 0.240 0.179 
PIFL 64 0.047* -0.154 0.140 
JUSC 50 -0.538 -0.119 0.257* 
 
 
3
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Table 2-3. Chronology-level coefficient of correlations (R) between the sensitivity of all chronologies pooled together and separated 
by species with latitude, longitude, elevation, mean annual precipitation, and mean maximum June temperature. Right hand columns 
indicate correlations between sensitivity and interactions between environmental factors. Gray values indicate insignificant correlation 
values (p>0.10), asterisk indicates significance 0.05<p≤0.10, and black font are the significant (p≤0.05). n refers to the number of 
chronologies considered in each analysis. Chronology locations shown in Figure 2-1. 
  n Latitude Longitude Elevation 
Mean annual 
precipitation 
Mean maximum 
June temperature 
Elevation: 
precipitation 
Elevation: 
temperature 
Precipitation: 
temperature 
All 44 -0.326 0.365 -0.454 -0.535 0.490 -0.570 0.147 -0.466 
PCEN 5 -0.216 -0.329 -0.598 -0.151 -0.027 -0.235 -0.153 -0.050 
PIED 10 -0.132 0.224 0.771 -0.099 -0.384 0.136 0.457 -0.277 
PIFL 11 0.554* 0.747 -0.243 -0.468 0.088 -0.504 -0.043 -0.478 
PSME 14 -0.112 0.405 -0.448 -0.672 0.538 -0.686 0.162 -0.662 
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Table 2-4. Models of tree and chronology-level sensitivity determined by stepwise linear regression of sensitivity with variables 
presented in Tables 2-2 and 2-3. Model predictors are listed in order of decreasing significance. Gray values indicate insignificant 
models (p>0.10), asterisks indicates significance of 0.05<p≤0.10, and black font indicates significant models (p≤0.05). Modeled to 
actual r
2
 is the coefficient of determination between observed and predicted sensitivity of each tree or chronology. 
 
  Species n Modeled to actual r2 Model predictors 
Tr
ee
-l
ev
el
 
m
o
d
el
s 
All 261 0.106 aspect + elevation:aspect 
PSME 147 0.086 slope + aspect 
PIFL 64 0.024 slope 
JUSC 50 0.355 elevation + slope 
C
h
ro
n
o
lo
gy
-
le
ve
l m
o
d
el
s All 44 0.478 elevation:precipitation + precipitation + precipitation:temperature + latitude 
PCEN 5 0.714* elevation + latitude 
PIED 10 0.813 elevation + precipitation:temperature 
PIFL 11 0.724 elevation + temperature + elevation:temperature 
PSME 14 0.452 precipitation 
+ indicates additive model term 
: indicates an interaction term between two variables 
4
0
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Figure 2-1. Map of chronologies in the study area (N39° to N44°, W-107° to -114°), 
symbolized by their sensitivity. Trees for the tree-level analysis were obtained at the 
chronologies in the inset map. The multiple dots at WR, PP, and JT represent the multiple 
chronologies sampled there. (ITRDB, 2013) 
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Figure 2-2. Tree-level data, where boxes encompass one standard deviation from the 
variable’s mean with maximum and minimum values of sensitivity (A), slope (B), 
elevation (C), and aspect (D) of trees used in this study from chronologies noted in Figure 
2-1. Note the narrow range of Rocky Mountain juniper elevations and slope values as 
well as the similarity between Douglas-fir and limber pine. 
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Figure 2-3. Mean water year precipitation, in mm, and chronology sensitivity (left) and mean maximum June temperature, in Celsius, 
and chronology sensitivity (right). Precipitation and temperature values are PRISM climate normals for water years 1971-2000. 
(PRISM, 2013) 
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Figure 2-4. Chronology-level data distribution where boxes encompass one standard 
deviation with maximum and minimum values of sensitivity (A), elevation (B), mean 
annual precipitation (C), and mean maximum June temperature (D) of the chronologies 
used in this study indicated in Figure 2-1. PILO, PIMO, and JUSC are not included in 
these plots due to only having fewer than five chronologies each. Note the relatively 
higher mean maximum June temperature and low mean annual precipitation of two-
needle pinyon, especially compared to the high elevation Engelmann spruce. 
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CHAPTER 3 
A TREE-RING-BASED RECONSTRUCTION OF LOGAN RIVER STREAMFLOWS, 
NORTHERN UTAH: IMPLICATIONS FOR HYDROLOGIC VARIABILITY IN THE 
BEAR RIVER RANGE 
Abstract 
We used newly sampled tree-ring chronologies from northern Utah and pre-
existing chronologies from the region to reconstruct mean annual flow for the Logan 
River. Two reconstruction models were created, one using two Rocky Mountain juniper 
chronologies located within the watershed and a second, which also included limber pine 
and pinyon pine chronologies from a greater region. Results indicated that past flows 
(1605-1921) were more variable than during the instrumental record (1922-present) with 
more extreme low and high flow events, although mean annual flow was nearly identical 
for both time periods. The newly created within-basin juniper chronologies explained 
48.2% of flow variability and are more sensitive than the more traditionally employed 
Douglas-fir and limber pine considered from the study area. Incorporating chronologies 
from the northern and southern margins of the western precipitation dipole increased 
model skill (r
2 
0.581).  The greater model skill and location of these chronologies suggest 
that northern Utah is influenced by different aspects of the western precipitation dipole 
transition zone. These flow reconstructions provide water managers with an extended 
record with which to allocate water resources. The importance of Rocky Mountain 
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juniper in the reconstruction of streamflow for this region suggests that future work could 
target these trees when more traditionally desirable species are not present. 
Introduction 
Northern Utah is one of the most densely populated regions of the semi-arid 
Intermountain West. Human population centers depend upon water that stored as winter 
snowpack. Mountain streams which deliver the stored water to urban areas located in arid 
valleys are diverted for irrigation, municipal drinking sources, hydropower and 
recreation. Climate models predict that the western US will experience reduced 
snowpack, increased temperatures, and more severe and longer duration droughts under 
increasing greenhouse gases [e.g., Barnett et al., 2004; Cook et al., 2004; Barnett and 
Pierce, 2009], and these changes are predicted to reduce water availability and intensify 
the effects of droughts and their economic impact [Rauscher et al., 2008]. Streamflow 
records are crucial for informing water management of natural variability, but these are 
limited to relatively short instrumental records (1922-present) as flow reconstructions are 
not available for population centers in northern Utah. Furthermore, long-term drought 
forecasts of months to years, available for much of the western US, are difficult for 
northern Utah because Pacific Ocean teleconnections are complex and not well 
understood [Mock, 1996; Dettinger et al., 1998; Wise, 2010a].  
Northern Utah is located in the transition zone between the western precipitation 
dipole of the Pacific Northwest and American Southwest with respect to weather patterns 
associated with the Pacific Decadal Oscillation (PDO) and El Niño Southern Oscillation 
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(ENSO) [Mock, 1996; Cayan et al., 1999]. The Pacific Northwest and the Desert 
Southwest nodes experience winter precipitation in opposing patterns. During El Niño 
conditions the Southwest is wet while the Pacific Northwest is dry. La Niña conditions 
produce the opposite pattern [Redmond and Koch, 1991; Dettinger et al., 1998]. Recent 
work has characterized the mean position of the transition zone as falling somewhere 
between the precipitation centers at 40-42° N [Wise, 2010a], an area that encompasses the 
Logan Basin in northern Utah. In this region, there is no significant correlation between 
winter precipitation and ENSO phase; however there is an equal chance of winter 
precipitation being correlated with either node in a given year. Additionally, a phase-
lagged effect of PDO on Intermountain West precipitation has been observed in the 
region [Zhang et al., 1997; Wang et al., 2009]. This lag is the result of a quarter-phase 
(three to four year) change in the Gulf of Alaska ocean circulation associated with the 
transition phase of the PDO in locations known to modulate Intermountain precipitation 
[Wang et al., 2009]. 
Gaining a longer-term perspective on streamflows in northern Utah is key to 
understanding hydrologic drought cycles and flow variability for the region. As a 
solution, we developed several tree-ring chronologies from the Bear River Range (Figure 
3-1) to reconstruct the last several centuries of annual streamflow of the Logan River in 
northern Utah. While two-needle pinyon pine (Pinus edulis) , ponderosa pine (Pinus 
ponderosa) and Douglas-fir (Pseudotsuga menziesii) are generally considered the most 
climatically sensitive species for streamflow reconstructions [Hidalgo et al., 2001], the 
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study region falls largely outside their geographical limits. Hence, we developed 
chronologies using established precipitation-sensitive species such as Douglas-fir and 
species less well-established such as Rocky Mountain juniper (Juniperus scopulorum), 
which is seldom used in dendroclimatic reconstructions. 
The Logan River flows through the Bear River Range of northern Utah (Figure 3-
1), and supplies Cache Valley with agricultural irrigation water, supports two 
hydropower dams and replenishes groundwater, which is later withdrawn for municipal 
drinking water. The Logan River is the largest tributary (24% of mean flow) to the Bear 
River, which in turn is the largest tributary to the Great Salt Lake. The heavily used Bear 
River is the last major stream not yet fully tapped in the state. It is therefore crucial for 
future water allocations being planned to support the region’s rapidly growing population 
[Governors Office of Planning and Budget, online at http://www.governor.utah.gov/dea]. 
The regional population is projected to double by the year 2050 (Figure 3-2), triggering a 
projected water deficit by 2050 for the Wasatch Front’s most populous counties [Utah 
Div. of Water Res., 2000].  
This research aims to support water management and our understanding of 
northern Utah hydroclimate by quantifying past streamflows using centuries-long models 
of reconstructed mean annual flow (MAF) for the Logan River. We developed six new 
tree-ring chronologies, including Rocky Mountain juniper, for use in modeling mean 
annual flows. We explored the feasibility of using Rocky Mountain juniper for 
streamflow reconstructions by comparing two models of Logan River MAF, a Local, 
49 
 
 
using within basin chronologies, and Regional, the Local model augmented with existing 
chronologies [Woodhouse et al., 2006; Barnett et al., 2010]. Reconstructed flows were 
used to discuss potential hydroclimatic coherence within the western precipitation dipole 
transition zone. 
Study Area 
The Logan River drains 1389 km
2
 of the Bear River Range in southeastern Idaho 
and northern Utah, USA (Figure 3-1). The Bear River Range is located in the 
Intermountain West at the boundary between the Great Basin to the west and Rocky 
Mountains to the east. Elevations in the Logan River basin range from 3,035 m at Naomi 
Peak to 1,341 m at the confluence with the Bear River in the Cache Valley. This 
topographic relief creates a significant orographic effect, in which mountain tops 
experience resulting a mean annual precipitation of 988.5 mm and mean annual 
temperature of 3.5° C (Tony Grove SNOTEL station 823, 2,556 m asl) [Natural Resource 
Conservation Service, online http://www.wcc.nrcs.usda.gov]. In contrast, the mean 
annual precipitation in the City of Logan, in the Cache Valley (1,372 m asl), is 450.09 
mm with a mean annual temperature of 8.9° C [Utah Climate Center, online 
http://climate.usurf.usu.edu]. Annual precipitation in the region is dominated by winter 
snowfall (Figure 3) delivered by storms originating in the Pacific Ocean [Mock, 1996; 
Brown and Comrie, 2004]. Peak daily discharges of the Logan River are associated with 
snowmelt from May through July and are correlated (r
2
= 0.68) with annual precipitation 
(Figures 3-3 and 3-4).  
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Data and Methods 
Flow Data  
Naturalized daily streamflow data were acquired for the water years 1922-2010 
for USGS gauge 10109001 (online at http://nwis.waterdata.usgs.gov). The gage is located 
near the city of Logan, with an upstream drainage area of 554 km
2
 (Figure 3-1). The daily 
data were compiled into water year means (October through September), typically 
considered more useful for water management and planning. Naturalized flow data 
account for anthropogenic streamflow alterations such as dams and diversions. 
Tree-Ring Data  
Due to the limited number of existing chronologies in the region, six new tree-
ring chronologies were created from the Bear River Range and surrounding mountains 
(Table 1; Figure 1). Each site was chosen based on limiting growing conditions that 
include poor soil development, south to west aspect, steep rocky slopes and generally 
open canopy trees [Fritts, 1976; Speer, 2010]. Douglas-fir and Rocky Mountain juniper 
were sampled at four and two sites, respectively, in northern Utah (Figure 3-1). The 
Douglas-fir collection on Naomi Peak, NAD, updated an existing site collection 
[Woodhouse and Kay, 1990]. Where possible we extracted two cores from each living 
tree, and collected remnant wood samples to extend the chronology length further into the 
past.  
The cores were mounted on wooden blocks and sanded with progressively finer 
sandpaper up to at least 400-grit [Stokes and Smiley, 1968; Fritts, 1976]. The pairs of 
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cores from each tree were visually crossdated prior to being measured to the nearest 
0.001 mm [Stokes and Smiley, 1968; Fritts, 1976; Speer, 2010], and the crossdating was 
confirmed using the program COFECHA [Holmes, 1983].  
The program ARSTAN was used to detrend the ring-width measurements at each 
site were to remove biological growth patterns associated with tree age [Fritts, 1976; 
Cook et al., 2007]. The resulting indices were averaged using a robust mean to create a 
site chronology [Fritts, 1976; Cook and Kairiukstis, 1990]. We considered various 
detrending options to best preserve the high-frequency signal and chose a Friedman 
Smoother with an alpha of five. The chronology inter-series correlation values range 
from 0.529 to 0.675 and mean sensitivity ranges from the 0.178 to 0.273 (Table 3-1).  
The sensitivity of the chronologies to climate was assessed using maximum 
monthly temperature and monthly and water-year precipitation values obtained from the 
PRISM grid cell associated with each site [PRISM Climate Group online at 
http://prism.oregonstate.edu]. The analysis was conducted using a bootstrapped 
correlation between each chronology as well as its one-year lag, to account for 
autocorrelation, and its associated climate data for the entire period of record (1895-
2010) [Biondi and Waikul, 2004; Zang, 2012]. Correlation coefficients between the 
chronologies and mean maximum monthly temperature ranged from -0.269 to 0.547 
while correlation coeffiecients with mean monthly precipitation ranged from -0.514 to 
0.289. We also conducted a moving-window correlation analysis, using a 31-year 
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window lagged by five years, to verify temporal stability in chronology sensitivity to 
climate. 
In addition to chronologies developed in this study, previously existing 
chronologies in the transition zone of the western precipitation dipole were considered for 
modeling. This region includes central to southwestern Wyoming, northern Utah and 
southeastern Idaho and experiences a similar hydroclimate as the Logan Basin [Wise, 
2010a]. Three limber pine (Pinus flexilis), two Douglas-fir, one single-needle pinyon pine 
and two two-needle pinyon pine chronologies were considered for modeling (Table 3-1) 
[Matt Bekker, unpublished, Brigham Young University; online from International Tree-
Ring Data Bank, http://www.ncdc.noaa.gov]. These, and the chronologies created by this 
study, include a common period of A.D. 1584 to 2000 and were selected because they 
were significantly correlated (p≤0.05) with water year Logan River flow or 
seasonal/monthly precipitation. These 17 climatically sensitive chronologies were 
expanded to a predictor pool of 34 by including one-year lags in order to account for 
autocorrelation and persistence found in tree-growth and climate [Fritts, 1976; Cook and 
Kairiukstis, 1990; Meko and Graybill, 1995]. Autocorrelation in tree-growth is the 
carryover of resources from one year to the next. Thus, growth in the year following 
favorable conditions will be greater than in a year following poor growing conditions 
[Fritts, 1976]. 
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Model Building  
Prior works have examined the impact of using chronologies from within a 
watershed to a suite also including chronologies from a larger region [Woodhouse et al., 
2006]. We used two groups of predictors to build two models of Logan River water year 
MAF. The ‘Local’ model included predictors within 100 km the Logan River watershed 
following the criterion of Watson et al. [2009], and a Regional model incorporated all 
screened predictors (Table 3-1). The two models were compared to assess the ability of 
within-basin chronologies to model Logan River flow. Each group of predictors was 
entered into a stepwise linear regression model ordered by their correlation to Logan 
River MAF. Only predictors significant at the 0.05 confidence level were retained in the 
final model (Table 3-2). The models were verified using a split calibration procedure in 
which the period of overlap between the streamflow record and tree-ring data was 
divided in half and the model was calibrated on the first half and its skill verified on the 
second half. The model was then calibrated on the latter half of the flow record and 
verified on the first half. The model skill of split and full calibration were assessed using 
r
2
, adjusted r
2, reduction of error (RE), coefficient of efficiency (CE), and Allen’s PRESS 
statistic (Table 3) [Fritts, 1976; Cook and Karuikstis, 1990]. The reduction of error, RE, 
is a measure of model skill which compares the variance of predicted from observed 
values versus the variance of observed values from the calibration period mean. CE 
differs from RE in that it uses the validation period mean instead of the calibration period 
mean. Values of RE and CE range from 1 to negative infinity with a positive number 
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indicating a valid model. Using the validation period mean results in CE being smaller, 
and more stringent, than RE. Due to the higher RE and CE values of the Regional model, 
it will be used for all discussion of reconstructed MAF unless otherwise noted.  
Results 
Model Results 
Reconstructed Logan River water year MAF for both the Local and Regional 
models extend back to 1605.  Prior to this year, the sub-sample signal strength, a measure 
of a chronologies signal strength [Wigley et al., 1984], of the LFR chronology is less than 
the commonly accepted 0.85 value. The two within-basin Rocky Mountain juniper 
chronologies were retained in both models, while the Regional model also incorporated a 
two-needle pinyon chronology from north-central Utah and a limber pine chronology 
from western Wyoming (Figure 3-1). The additional chronologies resulted in a greater 
Regional model skill (r
2
=0.58) compared to the Local model (r
2
=0.48, Table 3-3). Both 
models exhibited greater skill when calibrated on the latter half of the instrumental 
record. The calibration period mean MAF for each model (6.94 cms) was slightly greater 
than the observed mean (6.92 cms). Both models exhibited less variability during the 
calibration period, as inferred from the standard deviation, than the observed record. The 
Local model exhibited slightly less variability (1.48 cms) than the Regional model (1.62 
cms).  
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Reconstructed Streamflow Variability 
Our Logan River flow reconstruction suggested that pre-instrumental streamflows 
were, on average, greater and less variable than during the instrumental period (Table 3-
4). Both models indicated greater overall MAF in the past (Local, 7.01 cms; Regional, 
7.10 cms) than during the instrumental period (Local and Regional, 6.94 cms; Table 3-3). 
Overall reconstruction period standard deviations (Local, 1.48 cms; r=Regional, 1.57 
cms) were similar to, or lower than, the instrumental period (Local, 1.48 cms; Regional, 
1.62 cms), which suggesting that past streamflow was less variable.  
Comparing the 84-year instrumental record to the 317-year-reconstruted period 
allows a comparison of how the instrumental record compares to the longer-term record, 
but does not water availability or variability changes over time. Comparing the two 
records averages variability during the reconstructed period and increases the relative 
impact of short-term events in the instrumental record. Variation in water availability was 
conducted by comparing the standard deviation and mean MAF of each century (Figure 
3-7).  This involved combining the first 22 years of the 1900s, which were relatively wet, 
with modeled flows during the instrumental period. The 1900s exhibited greater MAF 
than the preceding three centuries and the Regional model indicated the 1600s were more 
wet than the 1700s or 1800s (Figure 3-7). Centennial standard deviation values indicated 
that MAF during 1700s, 1800s, and 1900s became progressively less variable. 
Furthermore, as both models underestimated the instrumental period standard deviation 
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(2.10 cms), reconstructed flows were likely more variable in all centuries than indicated 
by the models. 
Both models reliably extended to 1605 (Figure 3-8), augmenting the instrumental 
record by over 300 years. This allowed us to determine how representative the 
instrumental record is in comparison to the longer-term natural variability. The 5-year 
moving average for both models indicates that the late-1630s, late-1750s, and late-1880s 
were exceptionally dry (Table 3-4; Figure 3-9). Both models indicate that 1735 was the 
driest year (Local, 1.95 cms; Regional, 1.25 cms) over the reconstructed period (Table 3-
5). 
Departures from the instrumental mean were calculated for both models using 5-
year moving-average data to analyze the magnitude and timing of periods of low and 
high flows (Figure 3-8, Table 3-5). These periods were decadal-scale in duration through 
the 1700s and shifted to multi-decadal in the late 1800s to 1900s (Figure 3-8). The 
Regional model predicted the greatest extreme high flow of 9.47 cms in the period 1905 - 
1909 and the Local model predicted a lowest minimum extreme of 4.68 cms in the period 
1845 - 1849. 
Discussion 
Model Analysis 
Both models presented here generally captured low and moderately high flow 
events, but commonly underestimated extreme high flow events. Predicting extremes is 
difficult as the relationship between precipitation, which drives streamflow, and response 
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as recorded in tree-ring width, changes, yet the models assume a linear relationship 
(Fritts, 1976; Briffa, 1995). We successfully used the two within-basin Rocky Mountain 
juniper chronologies to model Logan River MAF (r
2
=0.48), indicating that they are 
sensitive to the local climate and able capture a substantial portion of the regional 
hydroclimate variability. Including two chronologies located in an area with putatively 
similar climate teleconnections and hydroclimate (RSM and WY037) increased model 
skill to r
2
=0.58. Work in the upper Colorado River Basin found that two-needle pinyon 
pine and Douglas-fir were best for flow reconstructions while two-needle pinyon and 
ponderosa pine were best for precipitation and/or temperature reconstructions [Hidalgo et 
al., 2001]. However, two-needle pinyon and ponderosa pine are not sufficiently old or 
abundant in the Logan River basin or surrounding mountains. Commonly used limber 
pine and Douglas-fir are present in the region and were sampled, but exhibit low (0.10-
0.19) to intermediate (0.20-0.29) sensitivity [as defined by Holmes, 1983] (Table 1). The 
rarely used Rocky Mountain juniper is relatively abundant in the region, and exhibits a 
higher sensitivity than Douglas-fir and limber pine (Table 1). Although it has been 
proposed for use in dendroclimatology [e.g., Sieg et al., 1996], there are few examples 
[but see, Graumlich et al., 2003] and only three such chronologies are available from the 
International Tree Ring Data bank (ITRDB, http://www.ncdc.noaa.gov/paleo/treering). 
These trees are common in the region and across a wide ecological range that stretches 
from the Great Plains to the Cascades and Sierra Nevada Mountains and from Arizona 
and Texas in the south to British Columbia and Alberta, Canada to the north [Natural 
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Resources Conservation Service, online http://plants.usda.gov]. Its abundance, climatic 
sensitivity, and propensity for longevity (Table 3-1) suggest it could be an important 
species for climate reconstructions, especially where traditionally used species are not 
present or not sufficiently sensitive.  
It is noteworthy that the within basin Rocky Mountain juniper chronologies 
developed for this project were the only significant predictors retained for use in the 
Local model. When additional chronologies were considered for the Regional model, the 
Rocky Mountain junipers were retained as significant predictors (p ≤ 0.05). Chronologies 
of varying species and elevations close to the Logan Basin were also considered during 
modeling, but were not retained in the final models (Table 3-1; Figure 3-1). This suggests 
that inclusion of limber pine WY037 and two-needle pinyon RSM in the Regional model 
may not be entirely due to their species or elevation; rather, we interpret this result as the 
ability of the distant chronologies to capture the variability in precipitation from the more 
northern and southern climates within the transition zone of the western precipitation 
dipole. In other words, the inclusion of the limber pine chronology (WY037) to the north 
and single-needle pinyon pine chronology (RSM) to the south likely in the model likely 
better captured additional regional hydroclimatic variability.  
The similar pattern of centennial standard deviations of both models and RSM 
suggest it contributes the most variability in the Regional model. Of the chronologies 
retained for modeling, RSM is the most sensitive (0.311).  However, it is not a predictor 
in the Local model, which suggests that of all the chronologies retained for modeling, 
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RSM best captures hydroclimate variability.  Prior work demonstrated that two-needle 
pinyon pine is desirable for flow reconstructions due to its sensitivity to hydroclimate 
[Hidalgo et al., 2001]. The Rocky Mountain juniper chronologies, LFR and JTR, 
approximately exhibit the centennial variability pattern of RSM of a low standard 
deviation in the 1600s, greater in the 1700s, then declining until present.  The junipers are 
less sensitive than RSM (0.275 LFR, 0.227 JTR), and the pattern of their centennial 
variability similarly less pronounced. However, when coupled in the Local model, they 
are able to capture the centennial flow variability. This suggests that they offer a potential 
for flow reconstructions where the proven species of two-needle pinyon pine are not 
sufficiently abundant. 
The split calibration reveals that both models exhibit greater skill when calibrated 
on the latter half of the instrumental record (Table 3-2). The latter half of the observed 
record is more variable than the first half and includes the highest events on record, in the 
1980s (Figure 3-6). Thus, calibrating models on the first half and predicting the latter 
half, requires predicting flows beyond the calibration values.  
Regional hydroclimatology  
Previous analysis of ENSO teleconnections with precipitation suggested that 
northwestern Wyoming, where WY037 is located, is more commonly correlated with 
precipitation patterns in the Pacific Northwest [Wise, 2010a]. The location of WY037 and 
its juxtaposition to the Logan Basin (squarely situated in the transition zone of the dipole 
nodes), suggest that WY037 may contribute a precipitation signal that is most often 
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correlated with the northern node of the precipitation dipole. Conversely, RSM is located 
in the southern Wasatch Mountains, an area that experiences winter storms moving west 
across the Great Basin. Wise [2010a] suggested that this location is more commonly 
correlated with the southern node of the western precipitation dipole. By considering 
chronologies from locations north and south of the Logan Basin we more efficiently 
captured this complex climate, at least over the last ~400 years. Previous work has shown 
that only considering within-basin chronologies can be restrictive due to the limited area 
from which to locate sites [e.g., Woodhouse et al., 2006; Watson et al., 2009; Barnett et 
al., 2010]. Inclusion of RSM and WY037 suggest that in addition to spatial limitations, 
introducing chronologies into regression from a broader region in an area with complex 
weather teleconnections is necessary to better model past climate. Moreover, Watson et 
al. [2009] found that considering chronologies across a larger region may be necessary 
for small headwater streams, as the limited basin size only permits a small area from 
which to locate sufficiently sensitive chronologies.  
Reconstructions from the central Rocky Mountains allow for a comparison of 
regional hydroclimate patterns. Reconstructions of the Snake River at Heise, ID (210 km 
north), Green River at Green River, WY (200 km east), and the Weber River at Oakley, 
UT (120 km south) were selected and smoothed using a 5-year moving average (Figure 
3-10) [http://treeflow.info]. The three streams, and Logan River, exhibit the most 
coherence during events of extreme magnitude or duration, such as the 1630s drought and 
late 1900s high and low flow events (Figure 3-10). The expression of these events varies 
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among basins, as exhibited by the relatively muted 1790s high flow years of the Snake 
River compared to the other streams. The greater correlation (r
2
=0.348) and similarity in 
magnitude of high and low flows between the Logan and Weber Rivers is likely due to 
draining a similar of almost uniformly mountainous terrain. Drainage area of the Logan 
River gage (554 km
2
) is larger than the Weber (420 km
2
), but significantly less than the 
Green (25,336 km
2
) or Snake (14,898 km
2
) Rivers. Coherence of larger magnitude events 
between basins indicates regional hydroclimatic coherence of those events. Differences 
between the nearby Logan and Weber Rivers reconstruction suggest regional weather 
patterns are complex and vary over short distances. 
Implications for Water Management 
Reconstructions of the Logan River suggest that overall flows were greater and at 
times more variable than in the instrumental period. Given that the reconstructions did 
not fully capture the magnitude of extreme events in the calibration period, it is likely that 
past droughts and wet periods are more extreme than the models indicate, thereby 
implying that water supplies may have been more volatile. The models also show periods 
of greater flow variability than what is captured in the relatively short instrumental 
record, suggesting that water management decisions are based on a relatively stable 
frame of reference when compared with the more distant past. That the instrumental 
record does not capture the full range of natural variability has been observed in studies 
in surrounding basins and across the western US [e.g., Graumlich et al., 2003; 
Woodhouse et al., 2006; Timilsena et al., 2007; Watson et al., 2009; Barnett et al., 2010; 
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Wise, 2010b;)]. Reconstructions, such as those presented here, provide insights to 
centennial water variability and availability which can assist water managers allocate 
resources in a more informed manner than afforded by the relatively short instrumental 
record.  
Conclusions  
Logan River mean annual flows were modeled back to the 1605 using a suite of 
chronologies including two comprising seldom used Rocky Mountain juniper. The 
increased sensitivity of the Rocky Mountain juniper chronologies relative to the more 
traditionally used Douglas-fir and limber pine suggests that Rocky Mountain juniper may 
be useful for future climate reconstructions, particularly in areas where trees exhibit low 
sensitivity. This reconstruction was conducted in an area with complex weather 
teleconnections due to its location in the transition zone of the western precipitation 
dipole, which is a product of inter-annual to inter-decadal Pacific Ocean variability (i.e., 
ENSO, PDO). The best Logan River MAF reconstruction model utilized tree-ring 
chronologies from the northern and southern portions of this transition zone, taking 
advantage of contributions from regions influenced by different aspects of the western 
precipitation dipole transition zone.  
The records provided by both reconstructions indicate that that the instrumental 
record captures a period of relatively stable water availability. Current water supplies in 
northern Utah are able to meet demand, but even with per capita decreases in usage, 
demand is expected to outstrip supply for some counties within the next decade due to 
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increased population. The potential for more varied flows than what is observed during 
the recent instrumental period, coupled with a shift from snow to rain in an area with a 
rapidly growing population suggests the need for careful management of water resources. 
Water managers should utilize an increasing array of data related to natural flow 
variability, such as the reconstructions presented herein, when allocating water resources. 
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Table 3-1. List of chronologies considered and retained for modeling. JTD and JTR are different species sampled at the same site. 
Note the greater sensitivity of the Rocky Mountain juniper compared to the Douglas-fir chronologies created by this study. 
 
Chronology Species Latitude Longitude 
Oldest 
Ring 
Elevation, 
m 
Trees 
(series) 
Mean 
Sensitivity 
Inter-series 
Correlation Collector 
JTD PSME 41.8156 -111.6320 1511 2100 26 (46) 0.193 0.670 Allen, 2013 
JTR
LR
 JUSC 41.8156 -111.6320 1227 2100 26 (49) 0.227 0.605 Allen, 2013 
LFR
LR
 JUSC 41.6515 -111.7130 1174 1980 23 (40) 0.275 0.645 Allen, 2013 
MCD PSME 41.3661 -111.9790 1370 2290 54 (103) 0.248 0.660 Allen, 2013 
NAD PSME 41.9089 -111.6580 1274 2730 35 (59) 0.177 0.537 Allen, 2013 
WRD PSME 41.3669 -111.9660 1133 2740 41 (58) 0.213 0.592 Allen, 2013 
EUR PIMO 39.9898 -112.1750 1584 2070 27 (49) 0.325 0.678 Bekker, unpublished 2013 
RSM
R
 PIED 40.2565 -111.4170 1428 2130 28 (52) 0.311 0.688 Bekker, unpublished 2013 
TNR PIED 40.14090 -111.3363 1314 1950 28 (55) 0.307 0.733 Bekker, unpublished 2013 
WY041 PIFL 42.3300 -108.4900 1017 2730 13 (22) 0.276 0.748 Pederson et al., 2011 
WY042 PIFL 42.2700 -108.5200 1200 2430 20 (28) 0.324 0.705 Pederson et al., 2011 
WY043 PSME 42.5100 -109.3800 1576 2430 22 (41) 0.345 0.783 Pederson et al., 2011 
WY045 PSME 42.5800 -109.4600 1507 2430 35 (70) 0.312 0.766 Pederson et al., 2011 
WY037
R
 PIFL 43.6167 -110.4333 1315 2300 29 (68) 0.265 0.613 Wise, 2010b 
L
Chronology used in Local model. 
R
Chronology used in Regional model. 
JUSC= Juniperus Scopulorum PIED= Pinus edulis PIFL= Pinus flexis 
PIMO= Pinus monophylla  PSME= Pseudotsuga mensiezii 
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Table 3-2. Verification statistics of the models using a split sample calibration method. The models were calibrated on the early half of 
the streamflow record, latter half, and full record and the r
2
 value between actual and calibration period observed values noted. The 
reconstruction models, calibrated on the full record (1922-1999) are presented below. 
 
 
Calibrate 1922 - 1962 Calibrate 1963 - 1999 Calibrate 1922-1999 
Model r
2
 adj r
2
 RE CE 
r
2
 
(PRESS) r
2
 adj r
2
 RE CE 
r
2
 
(PRESS) r
2
 adj r
2
 
r
2
 
(PRESS) 
Local 0.287 0.251 0.534 0.505 0.189 0.582 0.560 0.286 0.194 0.511 0.482 0.469 0.439 
Regional 0.377 0.309 0.641 0.620 0.220 0.691 0.657 0.338 0.252 0.599 0.581 0.559 0.525 
Local =  3.764863222 – (8.075461424*JTR) + (11.345796304*LFR) 
   Regional =  2.742801930 – (8.643133310*JTR) + (8.482299268*LFR) + (2.929681702*RSM) + (1.609791279*WY37.lag) 
adj. r
2
=  adjusted r
2
 RE=  Reduction of Error CE=  Coefficient of Efficiency PRESS=  Predicted Residual Sum of Squares 
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Table 3-3. Exceedance flow values from the instrumental and reconstructed periods 
calculated using 1-year and 5-year moving average MAF values. The instrumental period 
is 1922-2000 and reconstructed period are the years 1605-1921. 
 
  
Instrumental Period, cms Reconstructed Period, cms 
  
5% Mean 95% 
Standard 
Deviation 5% Mean 95% 
Standard 
Deviation 
1
-y
ea
r Observed 10.43 6.92 3.76 2.10 _ _ _ _ 
Local 9.13 6.94 4.58 1.48 9.30 7.01 4.47 1.48 
Regional 9.34 6.94 4.35 1.62 9.67 7.10 4.32 1.57 
5
-y
ea
r Observed 9.14 6.90 5.07 1.27 _ _ _ _ 
Local 8.67 6.95 5.42 0.97 8.50 7.02 5.35 0.93 
Regional 8.96 6.95 5.19 1.08 8.66 7.10 5.40 0.96 
 
 
 
 
 
Table 3-4. Average mean annual flow for years A.D. indicated in which maf was less 
than the observed 95% exceedance value, 3.76 cms for 1-year moving average and 5.07 
cms for the 5-year moving average. Years below the 95% exceedance value for both 
models noted in bold. 
 
Regional Local 
1-year 5-years 1-year 5-years 
Year maf,cms Period Maf, cms Year maf,cms Period maf, cms 
1735 1.25 1988 - 1992 4.81 1735 1.95 1845 - 1849 4.68 
1934 1.58 1886 - 1890 4.81 1889 2.33 1649 - 1653 4.71 
1889 1.72 1628 - 1632 5.01 1777 2.42 1846 - 1850 4.82 
1777 2.85 1735 - 1739 5.04 1934 2.56 1735 - 1739 4.85 
1888 3.08 1630 - 1634 5.05 1760 2.86 1744 - 1848 4.94 
1729 3.38 1629 - 1633 5.05 1846 3.52 1648 - 1652 4.95 
1760 3.40 
  
1961 3.52 1988 - 1992 4.95 
1632 3.51 
  
1814 3.65 
  1961 3.60 
      1864 3.66 
      1631 3.71 
      1795 3.72 
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Figure 3-1. Map of the Logan River basin (smaller, bold black polygon), Bear River 
Basin (larger black polygon), and chronologies (colored circles) considered from the 
region with assumed hydroclimatic coherence. Inset (rectangle on main map) shows 
Logan River basin with Logan River gage 10109001 and Tony Grove Snotel station 823. 
Red chronology symbol indicates sites retained for modeling and blue symbols show 
chronologies created by this study and considered for modeling. Both JTR and JTD are 
located at JT. 
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Figure 3-2. Observed and projected decadal population (solid line) of the Wasatch Front 
counties and net water supply (dashed line). Black indicates observed data and gray 
values are projected. Note the constant rate of growth which is not projected to stabilize. 
The projected water supply values assume a net decrease in per capita water use. [Data 
from Utah Governors Office of Planning and Budget, http://www.governor.utah.gov]. 
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Figure 3-3. Plot A shows observed precipitation at Tony Grove SNOTEL station and 
modeled PRSIM values versus observed mean annual flow for water years 1978-2010 
(A). Plot B shows modeled PRISM precipitation and observed mean annual flows for the 
entire period of record (water years 1922-2010). Bottom plot (C) is the mean monthly 
precipitation observed at Tony Grove SNOTEL station 823, location shown in Figure 3-
1. Note the majority of precipitation falls during the winter months of November through 
March. [Data from Natural Resource Conservation Service, 
http://www.wcc.nrcs.usda.gov; PRISM Climate Group, http://prism.oregonstate.edu; US 
Geological Survey, http://nwis.waterdata.usgs.gov]. 
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Figure 3-4. Naturalized daily mean (solid gray line), minimum (dashed gray line), and 
maximum (solid black line) discharge of the Logan River for water years 1922-2010 as 
recorded by USGS gage 10109001. [Data from US Geological Survey, 
http://nwis.waterdata.usgs.gov]. 
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Figure 3-5. Plot of model calibration with top plot displaying observed mean annual flow (solid gray line), Regional model (solid 
black line, r
2
=0.581), and Local model (dotted black line, r
2
=0.482). Bottom plot is departure of modeled flows from the instrumental 
mean (gray line).
0 
4 
8 
12 
1920 1930 1940 1950 1960 1970 1980 1990 2000 
M
A
F,
 c
m
s 
-4 
-2 
0 
2 
4 
1920 1930 1940 1950 1960 1970 1980 1990 2000 
D
if
fe
re
n
ce
 f
ro
m
 o
b
se
rv
e
d
, 
cm
s 
7
4
 
75 
 
 
 
 
Figure 3-6. Mean centennial MAF standard deviation (white bar Regional, gray bar 
Local) and centennial chronology standard deviation values (solid line RSM, long dashed 
JTR, short dashed LFR, dotted WY037). Mean centennial MAF values for each model 
are noted at the bottom of each standard deviation bar. Note that similar trend between 
the standard deviation of RSM and that of each model. The 1900s includes both 
calibration and reconstruction period values.
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Figure 3-7. Annual and 5-year mean reconstructed flows of the Logan River of the Regional (top) and Local (bottom) models. The 
vertical dashed line indicates the sss0.85 cutoff [Wigley et al., 1984], the thin solid line indicates sample depth (number of series), the 
solid vertical line indicates the 1922 instrumental period, horizontal dashed lines denote the instrumental 5% and 95% exceedance 
values, and the solid horizontal line indicates the instrumental mean. Instrumental exceedance values and mean calculated using 
individual years. 
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Figure 3-8. 5-year moving average departure from instrumental mean for the Regional model (top) and Local model (bottom). 
Horizontal lines represent the 95% and 5% observed exceedance values, vertical lines denote the sss0.85 cutoff and the beginning of 
the instrumental period in 1922, and the black line represents the observed 5-year moving average. 
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Figure 3-9. Plots of standardized flows of the Logan River Regional model reconstruction (gray) with the Snake River near Heise, ID 
(top, black), Weber River near Oakley, UT (middle, black), and the Green River near Green River, WY (bottom, black). Coefficient of 
determination values are for common correlation with Logan River. [Woodhouse et al., 2006; Wise, 2010].
0.5 
1.0 
1.5 
1600 1650 1700 1750 1800 1850 1900 1950 2000 
St
an
d
ar
d
iz
e
d
 f
lo
w
s 
Year 
Snake River, r2=0.337 
0.5 
1.0 
1.5 
St
an
d
ar
d
iz
e
d
 Weber River,  r2= 0.348 
0.5 
1.0 
1.5 
1600 1650 1700 1750 1800 1850 1900 1950 2000 
St
an
d
ar
d
iz
e
d
 f
lo
w
s 
Year 
Green River, r2= 0.216 
St
an
d
ar
d
iz
e
d
 f
lo
w
s 
7
8
 
79 
 
 
CHAPTER 4 
FUTURE WORK 
INTRODUCTION 
 Populations in northern Utah are heavily reliant upon winter snowfall to supply  
rivers to provide water for irrigation, municipal, and hydropower uses.  Understanding 
cycles and patterns of wet and dry periods are hindered by the relatively short 
instrumental record compared to climate oscillations.  Additionally, northern Utah lies in 
an area with complex weather teleconnections which hinder climate forecasting.  This 
research used dendroclimatology to extend the instrumental record of the Logan River to 
the year AD 1666.  The longer record indicates that the instrumental record captures a 
period of relatively stable water supply.  The potential for greater variability, coupled 
with a rapidly growing population suggest the need for careful water management with 
current and future water supplies.  Although the Logan River is important for the city of 
Logan and Cache Valley, it is a tributary of the larger Bear River which is currently being 
allocated as a future water source for the Wasatch Front (Utah Division of Water 
Resources, 2000).  Water management would be greatly assisted by reconstructing Logan 
River flows to provide an extended record of water availability and patterns of wet/dry 
cycles.  This proposed work could be accomplished with the current chronologies, but I 
suggest that future work establish new Rocky Mountain juniper and pinyon chronologies 
in the region and examine the factors influencing tree sensitivity.  These new 
chronologies could also be used to analyze the assumed zone of hydroclimatic coherence.  
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A logical workflow would be to use the current tree sensitivity model to locate new 
chronology locations, sample the sites, analyze how the chronologies correlate with each 
other over time, and finally reconstruct streamflows of the Bear River in the headwaters 
and mouth. 
DEVELOPMENT OF NEW CHRONOLOGIES 
 The current tree-ring chronology network created by this study includes various 
species at differing elevations.  The traditionally used Douglas-fir and limber pine 
chronologies exhibit low sensitivity (Holmes, 1983), especially when compared to 
chronologies of the rarely used Rocky Mountain juniper (Chapter 2).  Given their 
sensitivity and relative abundance in the region, Rocky Mountain juniper should be 
targeted when developing new chronologies.  This would increase the number of 
moderately sensitive chronologies.  When a sufficient pool has been created, they could 
be subjected to the same site sensitivity analysis as laid out in Chapter 2.  That analysis, 
however, did not incorporate soil type or bedrock material, which differs among the 
chronologies. 
Rocky Mountain juniper at Jardine Trail (JTR) and Left Hand Fork (LFR) are 
significantly correlated with mean maximum June temperature, but only LHF is 
significantly correlated with mean annual water year precipitation. The more sensitive 
LFR is 130 m lower in elevation yet PRISM suggests it experiences more precipitation 
than (752 mm) than JTR (725 mm) suggesting that JTR should be more precipitation 
sensitive.  The PRISM values also suggest that the mean maximum June temperature at 
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JTR is 23.2 C, 0.5° higher than LFR.  However, the steep topography of the Bear River 
Range and large PRISM grid cell size (800 m) result in each grid cell encompassing a 
range of elevations.  Only one elevation value is used to calculate the climate of a grid 
cell, and may not be indicative of the entire cell.  Therefore, the temperature and 
precipitation values indicated by PRISM should be confirmed using instrumentation. 
Assuming that the PRISM values for JTR and LFR are relatively correct, the 
warmer spring and drier climate at JTR implies that it would be more sensitive than LFR, 
thus another factor is must influence tree sensitivity.  JTR is situated on dolomite, rich in 
magnesium, while LFR is underlain by limestone.  This implies that geology may 
influence site sensitivity, and at times is possibly more significant than climate.  Creating 
and analyzing new Rocky Mountain juniper chronologies on dolomite, limestone, and 
other rock types will enable a more complete understanding of the controls on juniper 
sensitivity.  Bedrock may also partially explain why pinyon are not present in the Bear 
River Range. 
Single and two needle pinyon pines considered in reconstructing flows of the 
Logan River (Chapter 3) occur on sites experiencing between 204 and 855m of 
precipitation and mean maximum June temperatures ranging from 20.9 to 26.5C.  This is 
a greater climatic range than the sampled Rocky Mountain juniper, implying that climate 
is not preventing pinyon from establishing in the Bear River Range. 
The Bear River Range is dominated by limestone and dolomites, with some 
quartzites (Dover, 2007).  This results in relatively high abundance of calcium carbonates 
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and relatively low amounts of nitrogen, phosphate and potassium.  Rocky Mountain 
juniper has a high tolerance for CaCO3 and low nitrogen, phosphate and potassium 
requirements (Table 4-D) (USDA, 2013).  Two-needle pinyon, however, has a low 
tolerance to CaCO3 and a medium need for nitrogen, phosphate and potassium, thus is 
not well suited to the soil parent material in the Bear River Range, likely limiting its 
extent in the area.  Although Rocky Mountain juniper and single-needle pinyon have 
similar CaCO3 tolerance and nitrogen, phosphate and potassium requirements, the latter 
does not tolerate saline soils (USDA, 2013).  The magnesium present in dolomite 
increases soil salinity, possibly inhibiting single-needle pinyon establishment in the Bear 
River Range.  Known single and two-needle pinyon pine chronologies collected in 
northern Utah are located in soils dominated by sandstone and schist parent material, 
suggesting a bedrock control on pinyon range.  The pinyon pine range limit imposed by 
bedrock suggests that in limestone and dolomite dominated areas, Rocky Mountain 
juniper provides a viable alternative in northern Utah. 
SUGGESTED DENDROCLIMATOLOGY RESEARCH 
 The newly created network of tree-ring chronologies in northern Utah opens the 
potential to new reconstructions.  The Bear River flows are currently being allocated to 
supply the growing population along the Wasatch Front.  The Logan River reconstruction 
indicates that that stream has a more variable past than captured by the instrumental 
record.  Similar insights into the Bear River flows could help water managers properly 
manage water and to prevent over-allocation, such as on the Colorado.  The present 
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network of chronologies can likely reconstruct Bear River flows, but creating 
chronologies with greater sensitivity would improve model skill.  Targeting locations 
such as western Utah, the Wasatch Range, and southwest Wyoming will include 
chronologies closest to the Bear River Basin while also filling in areas with few existing 
chronologies.  The Bear River encompasses a relatively large area, draining two separate 
mountain ranges.  It flows north into Wyoming from its headwaters are in the east-west 
trending Uinta Mountains and around the northern edge of the Bear River Range (Figure 
3-1).  There, it enters Idaho, flows south into Utah and the Cache Valley, and terminates 
in the northern portion of the Great Salt Lake, adjacently west of the Wasatch Front.  This 
circuitous route includes the edge of the southern node of the western precipitation dipole 
and the transition zone which may experience slightly different precipitation patterns in a 
given year.  Reconstructions of the headwaters and of the entire basin could be analyzed 
with the Logan River to assess how flow contributions of different parts of the Bear River 
basin have fluctuated over time.  Such information could be used to inform water users 
how much each part of the basin should expect to be able to allocate. 
CONCLUSION 
 This project created 13 new climatically sensitive chronologies, two of which 
successfully modeled flows of the Logan River.  A second model utilizing the two 
created by this study and a two-needle pinyon in the southern Wasatch Front and limber 
pine in western Wyoming exhibited greater skill.  Both reconstructions suggest flows 
were more variable than in the instrumental record.  The reconstructions provide 
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information for managing water resources in a region with a rapidly growing population 
that is expected to double by the year 2050 (Utah Division of Water Resources, 2000).  
Water supply for this growing population is anticipated to come from the Bear River.  A 
similar reconstruction of that stream will enable insights to wet and dry cycles which can 
inform water allocation.  Although this study established a network of chronologies, 
locating trees of greater sensitivity will likely enable a more robust model.  Locating sites 
to sample trees can be informed by the tree and site sensitivity analysis in Chapter 2 
which suggests pinyon pine at most any location are optimal.  However, these trees are 
not commonly found in northern Utah.  Rocky Mountain juniper have proven to be more 
sensitive than other species present in the region, and provide a viable alternative where 
pinyon are not present.  These trees appear most sensitive at lower elevations, and 
sampling new sites will enable an analysis of sensitivity with climate.  The analysis in 
Chapter 2 indicates that elevation and precipitation are the two best predictors of locating 
sensitive chronologies.  The models can be testing by using them to locate new 
chronologies for reconstructing Bear River flows and other climatic variables of interest.  
Northern Utah presents several opportunities for dendroclimatology due to its complex 
weather teleconnections, and margin of the Great Basin and Rocky Mountains, spatial 
gaps in the tree-ring network to fill in, and the potential of employing the seldom using 
Rocky Mountain juniper. 
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APPENDIX A 
CHRONOLOGY STATISTICS AND DESCRIPTIONS 
 There are not any publicly available climatically sensitive tree-ring chronologies 
in the northeastern Great Basin.  In order to fill in this void, this study created three 
Douglas-fir, one limber pine and two Rocky Mountain juniper chronologies from 
climatically sensitive locations in northern Utah.  This region is characterized by semi-
arid valleys and mountain sides with relatively wetter mountain tops.  The mean annual 
precipitation in Logan (1382 m asl) is 450.1 mm with a mean annual temperature of 8.9 
C.  The steep topography of the Bear River Range creates a significant orographic effect, 
resulting in a mean annual precipitation of 1234.4 mm and mean annual temperature of 
3.5 C in the mountain tops as observed by the Tony Grove SNOTEL station, elevation 
2556 m (NRCS, 2010).  Elevations in the region range from 3,035 m asl Naomi Peak in 
the Bear River Range to the 1,341 m asl valleys. 
 Trees were sampled at three sites in the Bear River Range and one site along the 
northern Wasatch Front.  Douglas-fir were sampled at Naomi Peak (NA), the Jardine 
Trail Site (JT), and Maguire Canyon (MC).  Rocky Mountain juniper were sampled at JT 
and Left Hand Fork (LF).  Limber Pine were also sampled at MC.  NA is the highest site, 
at 2730 m and LF the lowest at 1980 m asl.  Chronologies names comprise a two letter 
site identifier followed by a letter indicating species.  D is for Douglas-fir, L for limber 
pine, and R signifies Rocky Mountain juniper. 
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 Individual trees at each site were sampled, crossdated and measured and 
detrended following established procedures to select climatically sensitive trees (Stokes 
and Smiley, 1968; Fritts, 1976; Holmes, 1983; (Cook, 1983; Speer, 2010).  The sub-
sample signal strength (sss) was calculated for each chronology using the program 
ARSTAN to determine the threshold cutoff of sss0.85 (Wigley et al., 1984; Cook and 
Kairiukstis, 1990). 
RESULTS 
Naomi Peak 
The 2730 m high Naomi Peak site was selected as the first site due to its use in a 
prior dendrochronology study (Figure A-2).  Of the 42 sampled trees, 47 series were 
successfully crossdated and usable for chronology development (Figure A-3).  The site 
sensitivity is low (0.178) and the interseries correlation is 0.538 (Holmes, 1983).  The 
bedrock is Laketown Dolomite. 
Jardine Trail 
The known location of an old Rocky Mountain juniper in Logan Canyon 
suggested that other old-growth Rocky Mountain juniper and Douglas-fir may exist 
nearby, and is the 2100 m JT site (Figure A-4).  The site is in the Laketown Dolomite 
formation.  Douglas-fir (JTD) exhibit an interseries correlation of 0.659.  The 41 series 
from 25 trees have a low sensitivity (0.195) and an interseries correlation of 0.659 
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(Holmes, 1983) (Figure A-5).  The 44 series from 28 Rocky Mountain juniper trees 
sampled at JT crossdate with an interseries correlation of 0.577 (Figure A-6). 
Left Hand Fork 
A scout sampling of Rocky Mountain juniper growing in the prominent south 
facing cliff bands of the Lodgepole Limestone in LF prompted a full sampling of that 
location (Figure A-7). The 1980 m elevation chronology displays intermediate sensitivity 
(0.273) (Holmes, 1983; Wigley et al., 1984).  The interseries correlation is 0.663 among 
31 crossdated series from 17 trees (Figure A-8). 
Maguire Canyon 
Douglas-fir sampled at 2290 m MC exhibit an intersies correlation of 0.675 
among the 85 series (Figure A-9, Figure A-10). The chronology exhibits intermediate 
sensitivity (0.236) (Holmes, 1983). The 21 series from 12 Limber pine at MC extend 
exhibit an intermediate sensitivity of 0.236 and interseries correlation is 0.519 (Holmes, 
1983) (Figure A-11). 
Sub-sample Signal Strength 
All of the chronologies exhibit similar sss patterns between 2010 and the early 
1700s.  Prior to this, all of the chronologies exhibit a dramatic decline except for NAD, 
the highest elevation chronology.  Similarly, all of the chronologies exhibit an increase in 
sss after circa 1660AD. 
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 The mean sensitivity values for the chronologies were calculated using the 
statistical program COFECHA (Holmes, 1983).  JTD and NAD exhibit low sensitivity 
while MCD exhibits intermediate sensitivity (Holmes, 1983).  The Rocky Mountain 
juniper chronologies, JTR and LFR, and limber pine MCL exhibit intermediate 
sensitivity.  LFR is the most sensitive chronology, 0.273.  COFECHA was also used to 
calculate the interseries correlation (Cook and Kairiukstis, 1990).  MCD has the highest 
interesries correlation (0.675) and MCL the lowest (0.519).  With regard to Rocky 
Mounain juniper, LFR chronology has a higher interseries correlation (0.663) than JTR 
(0.577).  The lower elevation JTD chronology has a higher interseries correlation than the 
higher elevation NAD (0.538). 
DISCUSSION 
 The higher interseries correlation of lower elevation Douglas-fir suggests that 
those chronologies have more similar growing conditions, despite the higher density of 
trees at JT.  The NAD and MC sites contain widely spaced trees, with the trees at MC 
rarely closer than 30 m to one another.  This tree spacing and low sample depth suggest 
that common factor influences trees at lower elevation sites.  The substrate of JT and MC 
are different, suggesting that the other common growth factor is climate.  However, the 
limber pine did not exhibit as strong of an interseries correlation despite the trees similar 
spacing to the Douglas-fir at the site.  Without a higher elevation site with which to 
compare MCL, it is assumed that the trees are responding to climate similarly to the 
Douglas-fir. 
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 LFR exhibits a higher interseries correlation and mean sensitivity than the JTR, 
despite having a shorter sss0.85.  The sensitivity suggests that growing conditions are 
more stressful at LFR and that the trees exhibit a more coherent response to climate 
conditions.  The lower sensitivity at JT suggests more favorable growing conditions, and 
therefore the trees are less likely to exhibit a common signal such as climate. 
The Douglas-fir and Rocky Mountain juniper at JT were inter mixed among 
another, thus they are growing in similar soils and topographic characteristics.  
Additionally, a similar number of trees were sampled for each species, allowing for a 
comparison of their response to growing conditions, including climate.  The Douglas-fir 
exhibited a higher interseries correlation, 0.659 versus 0.577, suggesting a more coherent 
response to site conditions.  However, the junipers exhibited a higher mean sensitivity, 
0.227 versus 0.195, indicating they are more easily influenced by changes in site 
conditions.  Thus, the Douglas-fir are less stressed, but exhibit a more coherent growth 
pattern while the junipers are more sensitive to individual tree variability. 
The generally synchronous sss patterns suggest that the trees at each site exhibit a 
common signal, which breaks down in the early 1700s.  This could be a climatic event or 
localized disturbance.  The similar timing and occurrence in all species suggests a 
common factor.  However, NAD does not exhibit the decline in sss as strongly.  Its 
higher elevation suggests that higher elevations were not as influenced. 
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CONCLUSION 
 This study used three species in differing elevations to examine tree growing 
conditions.  As established in the literature, lower elevation Douglas-fir exhibited the 
greatest sensitivity and interseries correlation (Fritts, 1976).  However, when compared to 
Rocky Mountain juniper at the same site, the Douglas-fir exhibited a stronger common 
signal, but are less sensitive.  Junipers at a slightly lower site, however, exhibited both 
greater sensitivity and interseries correlation.  Thus, junipers appear comparable in 
potential to low elevation Douglas-fir, but more sites may need to be sampled to obtain a 
chronology strongly correlated to climate.  Given loggers preference for Douglas-fir and 
the wide distribution of Rocky Mountain juniper, the species exhibits promise as a 
contribution to dendroclimatology in the absence of pinyon. 
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Figure A-1. Map showing the sample sites along the northern Wasatch Front, MC, and 
Bear River Range, JT, LF, and NA. Douglas-fir (PSME) were sampled at NA, JT, and 
MC and Rocky Mountain juniper (JUSC) were sampled at JT and LF. Limber pine 
(PIFL) were sampled at MC. 
95 
 
 
 
Figure A-2. Aerial view of the Naomi Peak site. 
 
 
 
Figure A-3. NAD ARSTAN chronology values (black), running sss value (red), and 
sample depth (gray). 
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Figure A-4. Aerial view of the Jardine Trail Site. 
 
 
 
Figure A-5. JTD ARSTAN chronology values (black), running sss value (red), and 
sample depth (gray). 
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Figure A-6. JTR ARSTAN chronology values (black), running sss value (red), and 
sample depth (gray). 
 
 
 
Figure A-7. Aerial view of the Left Hand Fork site. 
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Figure A-8. LFR ARSTAN chronology values (black), running sss value (red), and 
sample depth (gray). Top plot shows entire length of chronology while bottom plot shows 
period with more than one series. 
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Figure A-9. Aerial view of the Maguire Canyon site. 
 
 
 
Figure A-10. MCD ARSTAN chronology values (black), running sss value (red), and 
sample depth (gray). 
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Figure A-11. MCL ARSTAN chronology values (black), running sss value (red), and 
sample depth (gray). 
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APPENDIX B 
BRIEF COFECHA OUTPUT FILES 
JTD COFECHA OUTPUT 
 
PART 7:  DESCRIPTIVE STATISTICS: 
 
                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
   1 JTD8A    1650 2010    361     14      0   0.638   0.54   1.00  0.155  0.644  0.196   0.61  0.219  0.003   1 
   2 JTD8B    1591 2010    420     17      0   0.673   0.51   1.05  0.165  0.740  0.187   0.49  0.206 -0.002   1 
   3 JTD50A   1741 2010    270     11      0   0.618   0.96   2.83  0.583  0.942  0.161   0.61  0.210 -0.024   1 
   4 JTD59A   1640 2010    371     15      0   0.637   0.63   2.75  0.497  0.935  0.203   0.75  0.251 -0.015   1 
   5 JTD59B   1645 2010    366     15      0   0.720   0.69   2.34  0.460  0.935  0.187   0.63  0.227 -0.008   2 
   6 JTD80A   1556 2010    455     18      0   0.539   0.53   1.81  0.279  0.923  0.144   0.56  0.195 -0.023   1 
   7 JTD80B   1549 2010    462     19      0   0.538   0.60   2.33  0.395  0.943  0.142   0.53  0.178 -0.005   2 
   8 JTD81A   1814 2010    197      8      0   0.723   0.71   1.90  0.395  0.908  0.168   0.71  0.225 -0.011   1 
   9 JTD81B   1817 2010    194      8      0   0.600   0.70   1.80  0.311  0.851  0.161   0.75  0.230  0.018   1 
  10 JTD82A   1711 2005    295     12      0   0.554   0.89   2.08  0.464  0.878  0.177   0.72  0.239  0.004   1 
  11 JTD82B   1751 2004    254     10      0   0.595   1.00   3.63  0.800  0.944  0.180   0.85  0.226 -0.005   1 
  12 JTD87A   1887 2010    124      5      0   0.533   1.47   2.61  0.481  0.814  0.167   0.72  0.207  0.012   2 
  13 JTD87B   1902 2010    109      4      0   0.570   1.77   3.88  0.593  0.720  0.195   0.62  0.244 -0.026   1 
  14 JTD94A   1511 2010    500     19      0   0.604   0.52   1.91  0.394  0.912  0.227   0.79  0.273 -0.005   1 
  15 JTD94B   1536 2010    475     19      0   0.656   0.52   1.83  0.326  0.888  0.216   0.91  0.266 -0.011   1 
  16 JTD96B   1703 2010    308     12      0   0.651   0.90   2.57  0.479  0.918  0.160   0.90  0.229 -0.026   1 
  17 JTD98A   1831 2010    180      7      0   0.665   1.09   3.60  0.693  0.845  0.267   0.93  0.321 -0.003   1 
  18 JTD107A  1803 2010    208      8      0   0.678   0.90   2.65  0.396  0.756  0.228   0.91  0.267 -0.002   1 
  19 JTD107B  1803 2010    208      8      0   0.767   1.33   4.36  0.877  0.912  0.213   0.91  0.271 -0.004   1 
  20 JTD108A  1810 2010    201      8      0   0.697   1.12   4.16  0.741  0.888  0.224   0.84  0.300  0.017   1 
  21 JTD110A  1747 2010    264     11      0   0.734   1.11   3.24  0.627  0.894  0.191   0.79  0.244 -0.017   1 
  22 JTD110B  1762 2010    249     10      0   0.737   0.93   5.15  0.706  0.889  0.217   0.98  0.271 -0.003   2 
  23 JTD116A  1668 2010    343     14      0   0.750   0.90   3.27  0.650  0.923  0.214   0.97  0.296  0.002   1 
1
0
1
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                                               Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
  24 JTD120A  1668 2010    343     14      0   0.722   0.89   2.49  0.447  0.908  0.164   0.53  0.212 -0.020   1 
  25 JTD120B  1674 2010    337     14      0   0.738   0.90   2.21  0.380  0.860  0.170   0.80  0.228  0.000   1 
  26 JTD121A  1665 2010    346     14      0   0.774   0.95   2.80  0.529  0.937  0.172   0.56  0.199 -0.005   1 
  27 JTD121B  1706 2010    305     12      0   0.727   0.91   3.90  0.610  0.912  0.179   0.78  0.227 -0.011   1 
  28 JTD122A  1637 2010    374     15      0   0.643   1.04   2.79  0.420  0.852  0.160   0.62  0.210  0.010   1 
  29 JTD122B  1628 2010    383     15      0   0.497   0.85   2.16  0.442  0.873  0.186   1.01  0.253 -0.010   1 
  30 JTD125A  1860 2010    151      6      0   0.665   1.80   3.32  0.553  0.785  0.166   0.66  0.208  0.002   1 
  31 JTD127A  1850 2010    161      6      0   0.711   0.71   1.59  0.243  0.687  0.200   0.74  0.251  0.003   1 
  32 JTD127B  1880 2010    131      5      0   0.735   0.53   1.33  0.246  0.756  0.267   1.28  0.352 -0.005   1 
  33 JTD129A  1658 2010    353     14      0   0.747   0.83   3.30  0.603  0.942  0.243   1.01  0.319  0.009   2 
  34 JTD129B  1880 2010    131      5      0   0.789   0.45   0.85  0.162  0.604  0.270   0.79  0.297  0.012   2 
  35 JTD130A  1792 2010    219      9      0   0.738   1.48   4.10  0.681  0.816  0.209   0.84  0.300 -0.003   2 
  36 JTD130B  1796 2010    215      9      0   0.778   1.40   4.00  0.684  0.822  0.220   0.89  0.309  0.027   1 
  37 JTD131A  1726 2010    285     11      0   0.692   0.80   3.04  0.465  0.913  0.187   0.71  0.244 -0.005   1 
  38 JTD131B  1703 2010    308     12      0   0.716   0.67   1.83  0.325  0.852  0.200   0.94  0.270 -0.006   1 
  39 JTD132A  1645 2010    366     15      0   0.742   0.66   2.13  0.331  0.850  0.211   0.74  0.261 -0.008   1 
  40 JTD132B  1649 2010    362     15      0   0.752   0.71   3.19  0.508  0.904  0.230   0.94  0.288 -0.018   1 
  41 JTD150A  1874 2010    137      6      0   0.673   1.71   3.48  0.538  0.780  0.158   0.60  0.210  0.016   1 
  42 JTD200B  1767 2009    243     10      0   0.551   0.92   2.94  0.584  0.942  0.167   0.66  0.213 -0.031   1 
  43 JTD201A  1669 2010    342     14      0   0.737   0.81   3.36  0.578  0.939  0.196   0.87  0.260 -0.009   1 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
 Total or mean:          12306    493      0   0.670   0.84   5.15  0.468  0.873  0.193   1.28  0.246 -0.006                               
 
JTR COFECHA OUTPUT 
PART 7:  DESCRIPTIVE STATISTICS: 
                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
   1 JTR02A   1694 2010    317     13      0   0.518   0.96   3.49  0.716  0.952  0.190   0.49  0.198 -0.006   5 
   2 JTR02B   1688 2010    323     13      0   0.516   1.06   3.30  0.643  0.941  0.175   0.52  0.184 -0.007   5 
   3 JTR05A   1668 2010    343     14      0   0.657   0.45   0.99  0.191  0.698  0.272   0.79  0.295  0.001   1 
   4 JTR05B   1627 2010    384     15      0   0.566   0.56   1.79  0.247  0.755  0.255   0.82  0.282  0.000   1 
   5 JTR06A   1622 2010    389     16      0   0.663   0.66   1.43  0.221  0.669  0.220   0.78  0.262 -0.002   1 
   6 JTR06B   1530 2010    481     19      0   0.674   0.60   1.94  0.243  0.656  0.252   1.01  0.304  0.005   2 
1
0
2
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                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
   7 JTR07B   1285 2010    726     29      0   0.559   0.30   1.30  0.208  0.890  0.296   1.00  0.310 -0.013   9 
   8 JTR11A   1643 2003    361     15      0   0.621   0.71   1.31  0.184  0.627  0.180   0.73  0.202 -0.002   3 
   9 JTR11B   1578 2010    433     17      0   0.579   0.77   1.87  0.304  0.864  0.174   0.56  0.209  0.000   3 
  10 JTR13A   1660 2010    351     14      0   0.573   0.79   1.77  0.237  0.749  0.165   0.51  0.191 -0.005   1 
  11 JTR13B   1647 2010    364     15      0   0.608   0.77   1.93  0.354  0.885  0.188   0.59  0.200  0.000   2 
  12 JTR14A   1392 1909    518     21      0   0.588   0.47   1.46  0.230  0.815  0.231   0.78  0.272  0.000   1 
  13 JTR14B   1324 2010    687     28      0   0.648   0.46   1.62  0.289  0.919  0.196   0.72  0.231  0.005   1 
  14 JTR15A   1308 1850    543     22      0   0.600   0.44   1.95  0.308  0.902  0.257   0.76  0.277 -0.001   1 
  15 JTR15B   1400 1909    510     20      0   0.627   0.42   1.28  0.231  0.860  0.248   1.37  0.283  0.000   1 
  16 JJT17B   1673 2010    338     14      0   0.597   0.77   1.41  0.213  0.383  0.257   1.03  0.277  0.001   1 
  17 JTR51B   1227 1717    491     19      0   0.616   0.49   1.77  0.290  0.878  0.248   0.96  0.295  0.000   2 
  18 JTR51C   1233 2009    777     31      0   0.566   0.31   0.94  0.160  0.758  0.322   1.39  0.384  0.007   1 
  19 JJT53B   1320 1657    338     14      0   0.555   0.61   2.80  0.420  0.912  0.198   0.97  0.257 -0.015   1 
  20 JTR56A   1614 2010    397     16      0   0.659   0.66   2.32  0.453  0.940  0.199   0.61  0.235 -0.005   1 
  21 JTR56B   1616 2010    395     16      0   0.649   0.60   1.68  0.246  0.826  0.181   0.76  0.228 -0.005   1 
  22 JJT57A   1738 2010    273     11      0   0.626   0.71   1.73  0.342  0.878  0.198   0.66  0.217 -0.002   3 
  23 JJT57B   1708 1996    289     11      0   0.589   0.48   1.40  0.273  0.903  0.233   0.74  0.262  0.013   2 
  24 JJT57C   1624 1998    375     15      0   0.568   0.48   0.88  0.128  0.590  0.193   0.94  0.246 -0.009   1 
  25 JTR58A   1655 2010    356     14      0   0.569   0.84   3.09  0.698  0.954  0.262   1.05  0.314 -0.002   5 
  26 JTR59A   1570 2010    441     18      0   0.617   0.72   2.00  0.327  0.905  0.164   0.51  0.197 -0.001   3 
  27 JTR60B   1288 1598    311     12      0   0.480   0.45   1.62  0.171  0.688  0.236   0.80  0.299  0.004   2 
  28 JJT76A   1610 2010    401     16      0   0.595   0.55   0.99  0.149  0.627  0.190   0.81  0.221 -0.002   1 
  29 JJT76B   1666 2010    345     14      0   0.620   0.36   0.89  0.150  0.647  0.285   1.36  0.333  0.006   1 
  30 JTR84A   1705 2010    306     12      0   0.552   0.67   1.44  0.254  0.792  0.190   0.56  0.203 -0.006   2 
  31 JTR84B   1752 1997    246      9      0   0.679   0.62   1.68  0.302  0.892  0.186   0.49  0.210  0.008   1 
  32 JTR92A   1741 2010    270     11      0   0.629   0.66   1.49  0.266  0.842  0.172   0.67  0.218 -0.016   1 
  33 JTR93A   1589 1890    302     12      0   0.611   0.59   1.93  0.335  0.887  0.181   0.64  0.220 -0.013   1 
  34 JTR93B   1570 1930    361     15      0   0.655   0.50   1.29  0.268  0.897  0.190   0.56  0.227  0.002   1 
  35 JTR105A  1610 2010    401     16      0   0.614   0.53   1.81  0.251  0.846  0.233   0.92  0.286 -0.001   1 
  36 JTR105B  1605 2010    406     16      0   0.598   0.50   1.90  0.365  0.937  0.254   1.25  0.311  0.002   2 
  37 JTR106A  1694 2010    317     13      0   0.616   0.62   1.25  0.202  0.769  0.191   0.86  0.239  0.011   1 
  38 JJT113A  1595 2010    416     17      0   0.624   0.60   2.46  0.449  0.949  0.225   0.84  0.286 -0.001   2 
  39 JTR113B  1597 2010    414     17      0   0.649   0.55   2.44  0.374  0.929  0.216   0.78  0.257  0.003   2 
  40 JTR118A  1621 2010    390     16      0   0.598   0.69   2.94  0.534  0.936  0.247   1.00  0.306  0.003   1 
  41 JTR118B  1674 2010    337     14      0   0.523   0.53   1.80  0.300  0.821  0.268   0.68  0.298  0.008   1 
  42 JTR123A  1647 2010    364     15      0   0.574   0.85   2.98  0.615  0.933  0.228   0.87  0.304  0.005   2 
  43 JTR123B  1766 2010    245     10      0   0.648   0.59   1.21  0.201  0.700  0.215   0.68  0.254 -0.002   2 1
0
3
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                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
  44 JTR124A  1659 2010    352     14      0   0.731   0.97   2.17  0.390  0.783  0.209   0.80  0.246  0.004   1 
  45 JTR124B  1691 1991    301     12      0   0.731   0.91   2.18  0.315  0.681  0.207   0.79  0.236  0.004   2 
  46 JTR882A  1500 2010    511     20      0   0.606   0.37   1.03  0.160  0.653  0.290   1.24  0.336 -0.007   1 
  47 JTR882B  1541 2010    470     19      0   0.558   0.50   1.25  0.184  0.662  0.251   1.27  0.314  0.006   1 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
 Total or mean:          18666    750      0   0.605   0.59   3.49  0.298  0.811  0.227   1.39  0.266  0.000 
 
LFR COFECHA OUTPUT 
PART 7:  DESCRIPTIVE STATISTICS: 
                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
   1 LFR03A   1570 2010    441     18      0    .627    .55   1.53   .242   .737   .266    .95   .308   .001   1 
   2 LFR03B   1578 2010    433     17      0    .643    .56   1.61   .257   .741   .268   1.11   .307  -.002   1 
   3 LFR05A   1569 1849    281     11      0    .734    .61   2.24   .483   .915   .321   1.39   .362  -.012   1 
   4 LFR05B   1562 1870    309     12      0    .700    .44   1.52   .325   .847   .383   1.07   .406   .007   2 
   5 LFR08A   1614 2010    397     16      0    .693    .50   2.04   .302   .748   .354   1.19   .401  -.002   3 
   6 LFR08B   1853 2010    158      6      0    .654    .46   1.10   .194   .687   .275    .81   .321   .009   1 
   7 LFR09A   1714 2009    296     12      0    .654    .48   1.32   .205   .694   .274    .77   .330   .006   2 
   8 LFR10A   1839 2010    172      7      0    .596    .27    .84   .142   .702   .313   1.20   .372   .011   1 
   9 LFR10B   1917 2010     94      4      0    .633    .52   1.47   .230   .680   .274    .78   .312  -.002   1 
  10 LFR10C   1173 1777    605      9      0    .583    .53   1.58   .265   .830   .219    .90   .275   .009   1 
  11 LFR11A   1599 1777    179      8      0    .533    .29    .74   .112   .647   .271    .96   .333  -.005   1 
  12 LFR12A   1638 2010    373     15      0    .732    .47   1.16   .238   .825   .280   1.01   .322   .003   1 
  13 LFR12B   1703 2010    308     12      0    .695    .38   1.36   .193   .746   .309    .86   .361   .006   1 
  14 LFR16A   1881 2010    130      5      0    .739    .70   1.53   .233   .592   .228    .63   .272  -.005   1 
  15 LFR16B   1882 2010    129      5      0    .625    .42   1.41   .225   .737   .269    .84   .332  -.007   1 
  16 LFR17A   1598 2010    413     17      0    .615    .57   1.92   .245   .669   .269    .94   .323  -.001   1 
  17 LFR17B   1718 1887    170      7      0    .675    .42   1.05   .199   .666   .323   1.18   .381  -.005   1 
  18 LFR18B   1671 2008    338     14      0    .578    .24    .63   .101   .621   .322    .94   .365   .013   1 
  19 LFR19A   1609 2006    398     16      0    .734    .52   1.44   .252   .848   .220    .80   .257  -.003   1 
  20 LFR19B   1630 1850    221      9      0    .695    .47   1.16   .231   .852   .236    .94   .273  -.011   3 1
0
4
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                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
  21 LFR20A   1837 2010    174      7      0    .749    .30    .59   .090   .507   .240    .71   .285   .001   1 
  22 LFR20B   1800 2010    211      8      0    .666    .51    .92   .192   .790   .209    .64   .252  -.004   1 
  23 LFR21A   1882 2010    129      5      0    .651    .82   2.50   .473   .858   .223    .59   .285   .004   2 
  24 LFR21B   1911 2010    100      4      0    .550    .65   1.37   .256   .671   .241    .78   .317   .002   4 
  25 LFR22A   1794 1930    137      6      0    .734    .42   1.28   .210   .680   .276   1.06   .353  -.003   1 
  26 LFR22B   1770 2010    241     10      0    .697    .63   1.78   .260   .634   .245    .94   .295   .000   4 
  27 LFR25A   1760 2005    246     10      0    .615    .27    .72   .114   .662   .301    .87   .330  -.003   1 
  28 LFR26B   1829 2010    182      7      0    .638    .40   1.03   .188   .805   .272    .90   .324  -.028   1 
  29 LFR27A   1710 2010    301     12      0    .717    .64   1.34   .239   .721   .205    .75   .259   .001   3 
  30 LFR27B   1800 2010    211      8      0    .771    .71   1.59   .227   .587   .207    .62   .250  -.007   1 
  31 LFR29A   1818 2010    193      8      0    .701    .53   1.12   .167   .515   .255    .72   .271  -.008   3 
  32 LFR29B   1813 2010    198      8      0    .653    .85   1.92   .279   .595   .232    .68   .257   .001   1 
  33 LFR34A   1852 2010    159      6      0    .528    .49   1.33   .240   .745   .236    .76   .275  -.019   3 
  34 LFR34B   1930 2010     81      3      0    .525    .79   1.58   .248   .732   .179    .60   .236   .033   1 
  35 LFR35A   1664 1999    336     13      0    .564    .22    .85   .145   .698   .373   1.85   .458  -.010   1 
  36 LFR50A   1818 1950    133      6      0    .647    .35    .80   .160   .611   .369   1.14   .420  -.006   2 
  37 LFR50B   1790 2010    221      9      0    .770    .33   1.09   .165   .714   .296   1.21   .369   .019   1 
  38 LFR51A   1859 2010    152      6      0    .571    .32    .73   .098   .515   .244    .90   .290   .008   1 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
 Total or mean:           9250    356      0    .661    .49   2.50   .227   .723   .274   1.85   .322   .000 
 
                                              - = [  COFECHA LFR  COF  ] = - 
 
 
 
MCD COFECHA OUTPUT 
 
PART 7:  DESCRIPTIVE STATISTICS: 
                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
   1 MCD3A    1370 2011    642     25      0   0.654   0.60   1.41  0.236  0.708  0.235   0.78  0.279 -0.001   1 
   2 MCD3B    1388 2010    623     25      0   0.630   0.55   2.59  0.448  0.889  0.257   1.48  0.343  0.008   1 
   3 MCD5A    1676 2010    335     13      0   0.687   0.98   2.82  0.386  0.700  0.240   0.74  0.293 -0.008   1 10
5
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                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
   4 MCD6A    1501 2010    510     20      0   0.694   0.75   3.13  0.493  0.930  0.187   0.75  0.229 -0.004   1 
   5 MCD6B    1665 2010    346     14      0   0.736   0.60   1.40  0.229  0.799  0.190   0.64  0.231  0.012   1 
   6 MCD6C    1650 2010    361     14      0   0.609   0.65   1.55  0.336  0.854  0.207   0.75  0.246 -0.010   1 
   7 MCD7A    1567 2010    444     18      0   0.721   0.74   2.07  0.358  0.828  0.219   0.66  0.257  0.005   2 
   8 MCD7B    1548 2010    463     19      0   0.743   0.72   2.26  0.427  0.897  0.199   0.65  0.240  0.004   1 
   9 MCD8A    1590 2010    421     17      0   0.672   0.83   3.31  0.434  0.735  0.289   1.04  0.336 -0.004   1 
  10 MCD8B    1617 2010    394     16      0   0.687   0.90   2.65  0.351  0.502  0.296   1.03  0.340 -0.002   2 
  11 MCD9A    1703 2011    309     12      0   0.650   0.90   2.10  0.287  0.584  0.220   0.98  0.285  0.001   1 
  12 MCD9B    1713 2011    299     12      0   0.703   1.08   2.80  0.388  0.757  0.202   0.71  0.240  0.007   2 
  13 MCD10    1701 2010    310     12      0   0.614   1.23   4.74  0.569  0.705  0.243   0.87  0.314 -0.001   1 
  14 MCD11B   1712 2011    300     12      0   0.682   1.02   3.51  0.415  0.726  0.219   1.24  0.285 -0.010   1 
  15 MCD12A   1574 2011    438     18      0   0.782   0.76   3.52  0.443  0.847  0.222   0.84  0.271 -0.001   1 
  16 MCD12B   1563 2011    449     18      0   0.744   0.77   5.17  0.688  0.903  0.240   0.89  0.309  0.006   1 
  17 MCD26A   1521 2010    490     20      0   0.687   0.45   1.52  0.220  0.797  0.220   1.22  0.305 -0.001   2 
  18 MCD26B   1600 2011    412     16      0   0.664   0.39   1.16  0.180  0.802  0.232   1.14  0.304 -0.009   1 
  19 MCD26C   1643 2011    369     15      0   0.656   0.84   2.32  0.452  0.865  0.199   0.84  0.247  0.014   1 
  20 MCD28A   1576 2011    436     17      0   0.730   0.53   1.72  0.266  0.809  0.237   0.95  0.285  0.000   3 
  21 MCD28B   1568 2011    444     18      0   0.730   0.48   0.96  0.160  0.731  0.187   0.73  0.230 -0.003   2 
  22 MCD30A   1678 1845    168      6      0   0.631   0.54   2.37  0.417  0.836  0.293   1.73  0.419 -0.018   1 
  23 MCD31A   1551 2011    461     18      0   0.620   0.66   3.94  0.526  0.774  0.282   1.86  0.387  0.002   1 
  24 MCD31B   1515 2011    497     20      0   0.725   0.47   2.55  0.370  0.910  0.239   0.87  0.288 -0.001   1 
  25 MCD32A   1616 2011    396     16      0   0.561   0.38   2.02  0.255  0.674  0.323   1.24  0.382  0.002   1 
  26 MCD34A   1751 2011    261     10      0   0.633   0.85   2.84  0.451  0.774  0.223   1.05  0.308  0.007   1 
  27 MCD34B   1682 2011    330     13      0   0.602   0.83   3.19  0.457  0.820  0.242   1.14  0.299 -0.005   2 
  28 MCD36A   1478 1960    483     19      0   0.726   0.47   2.48  0.398  0.856  0.300   0.96  0.342  0.015   1 
  29 MCD36B   1487 1950    464     19      0   0.746   0.47   2.35  0.365  0.872  0.299   1.05  0.341  0.010   1 
  30 MCD40A   1815 2012    198      8      0   0.548   1.43   6.94  1.259  0.880  0.281   1.15  0.363 -0.023   1 
  31 MCD40B   1841 2012    172      7      0   0.545   1.67   6.54  0.930  0.847  0.251   0.97  0.296 -0.013   4 
  32 MCD41A   1701 2012    312     12      0   0.696   0.83   2.07  0.345  0.731  0.244   0.86  0.284 -0.007   1 
  33 MCD41B   1705 2012    308     12      0   0.652   0.95   2.43  0.377  0.701  0.233   0.88  0.300  0.003   1 
  34 MCD42A   1796 2012    217      9      0   0.700   1.33   4.26  0.758  0.731  0.274   0.78  0.312 -0.001   1 
  35 MCD42B   1815 2012    198      8      0   0.726   1.26   3.67  0.648  0.754  0.248   0.74  0.285  0.001   1 
  36 MCD43A   1675 2012    338     13      0   0.698   0.78   3.39  0.482  0.884  0.232   0.75  0.271  0.000   3 
  37 MCD43B   1647 2012    366     15      0   0.670   0.87   3.17  0.516  0.856  0.253   1.27  0.348  0.011   1 
  38 MCD44A   1480 2012    533     21      0   0.658   0.40   1.00  0.193  0.793  0.275   1.06  0.302 -0.002   3 
  39 MCD44B   1466 2012    547     22      0   0.662   0.40   1.68  0.219  0.782  0.256   0.78  0.283  0.000   1 
  40 MCD45A   1701 2012    312     12      0   0.694   0.67   2.27  0.378  0.811  0.258   0.91  0.303  0.007   1 1
0
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                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
  41 MCD45B   1720 2012    293     12      0   0.702   0.64   2.62  0.403  0.792  0.249   0.88  0.299 -0.009   1 
  42 MCD46C   1815 2012    198      8      0   0.743   1.62   3.66  0.671  0.769  0.246   0.99  0.292  0.011   1 
  43 MCD47A   1826 2012    187      7      0   0.693   1.61   7.35  0.937  0.816  0.271   1.16  0.348  0.031   1 
  44 MCD47B   1815 2012    198      8      0   0.817   1.36   4.60  0.722  0.811  0.281   0.90  0.302 -0.003   1 
  45 MCD48A   1811 2012    202      8      0   0.718   1.79   7.06  0.864  0.795  0.220   0.79  0.283  0.015   1 
  46 MCD48B   1822 2012    191      8      0   0.715   1.31   3.75  0.615  0.642  0.331   1.12  0.401 -0.012   3 
  47 MCD49A   1591 2002    412     17      0   0.715   0.60   3.39  0.582  0.931  0.231   0.77  0.268 -0.006   1 
  48 MCD49B   1604 1995    392     15      0   0.745   0.54   4.09  0.523  0.936  0.236   0.71  0.274  0.011   1 
  49 MCD51A   1717 2008    292     12      0   0.620   0.98   3.05  0.512  0.808  0.218   1.19  0.291  0.002   1 
  50 MCD51B   1710 2008    299     12      0   0.684   0.94   2.36  0.463  0.824  0.205   0.67  0.258 -0.011   1 
  51 MCD52A   1681 2012    332     13      0   0.750   0.72   2.43  0.301  0.731  0.220   0.76  0.274  0.013   1 
  52 MCD52B   1668 2012    345     14      0   0.720   0.81   1.95  0.337  0.744  0.235   0.78  0.293 -0.025   1 
  53 MCD53A   1603 1955    353     14      0   0.678   0.53   3.68  0.617  0.915  0.252   0.98  0.310 -0.010   2 
  54 MCD53B   1580 1861    282     11      0   0.594   0.56   2.35  0.528  0.930  0.253   0.95  0.311 -0.003   2 
  55 MCD70A   1723 2012    290     12      0   0.689   1.01   3.60  0.422  0.673  0.249   0.94  0.303 -0.006   1 
  56 MCD70B   1823 2012    190      8      0   0.675   1.23   5.28  0.766  0.766  0.280   1.14  0.379  0.000   3 
  57 MCD74A   1588 2012    425     17      0   0.692   0.61   3.10  0.634  0.909  0.304   1.04  0.366  0.005   1 
  58 MCD74B   1578 1994    417     16      0   0.685   0.57   2.10  0.381  0.865  0.238   0.65  0.270 -0.001   2 
  59 MCD76A   1633 2012    380     15      0   0.750   0.61   2.80  0.378  0.788  0.301   1.18  0.348  0.004   1 
  60 MCD76B   1612 2012    401     16      0   0.762   0.60   2.87  0.399  0.864  0.276   0.93  0.320 -0.001   1 
  61 MCD78A   1741 2012    272     11      0   0.754   0.86   1.95  0.349  0.689  0.263   0.95  0.337  0.008   1 
  62 MCD78B   1695 2012    318     13      0   0.745   0.77   1.75  0.305  0.682  0.253   0.83  0.307  0.003   1 
  63 MCD80B   1802 2012    211      8      0   0.797   1.04   2.18  0.361  0.631  0.245   0.79  0.288  0.005   1 
  64 MCD83A   1734 2012    279     11      0   0.706   0.87   2.50  0.474  0.816  0.242   0.83  0.297 -0.009   1 
  65 MCD83B   1751 2012    262     10      0   0.763   0.93   3.82  0.518  0.756  0.251   0.80  0.306 -0.003   1 
  66 MCD84A   1801 2012    212      8      0   0.719   0.59   1.76  0.292  0.732  0.314   1.05  0.367  0.014   1 
  67 MCD84B   1724 2012    289     12      0   0.688   0.98   3.77  0.646  0.872  0.246   1.08  0.287  0.008   1 
  68 MCD85A   1765 2012    248     10      0   0.746   0.73   2.17  0.349  0.820  0.221   0.69  0.275 -0.001   1 
  69 MCD85B   1719 2012    294     12      0   0.660   0.86   2.29  0.387  0.795  0.222   0.83  0.271 -0.016   1 
  70 MCD87A   1666 2012    347     14      0   0.662   0.88   2.34  0.426  0.849  0.188   0.72  0.238  0.004   1 
  71 MCD87B   1695 2012    318     13      0   0.601   0.74   2.57  0.394  0.867  0.194   0.76  0.245  0.006   1 
  72 MCD88A   1834 2012    179      7      0   0.691   1.49   3.46  0.671  0.787  0.252   0.66  0.267  0.000   1 
  73 MCD88B   1852 2012    161      6      0   0.663   1.43   2.87  0.524  0.705  0.224   0.68  0.246  0.003   1 
  74 MCD90A   1787 2012    226      9      0   0.672   1.29   5.76  0.980  0.874  0.265   0.79  0.310  0.020   1 
  75 MCD91A   1689 2012    324     13      0   0.766   1.02   2.34  0.406  0.800  0.216   0.80  0.251  0.003   1 
  76 MCD91B   1734 2012    279     11      0   0.808   1.13   3.88  0.511  0.779  0.220   0.94  0.267 -0.007   1 
  77 MCD92A   1711 2012    302     12      0   0.599   0.74   2.51  0.441  0.763  0.240   1.00  0.299 -0.001   2 1
0
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                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
  78 MCD92B   1744 2012    269     11      0   0.653   0.81   3.38  0.469  0.796  0.231   0.82  0.279  0.011   1 
  79 MCD94A   1687 2012    326     13      0   0.732   0.65   2.54  0.360  0.774  0.310   1.33  0.352 -0.004   3 
  80 MCD95A   1766 2012    247     10      0   0.662   0.61   1.70  0.275  0.784  0.234   0.90  0.305 -0.002   1 
  81 MCD96A   1661 2012    352     14      0   0.690   0.62   2.31  0.350  0.826  0.268   1.10  0.315  0.013   1 
  82 MCD96B   1663 2012    350     14      0   0.682   0.70   2.60  0.404  0.726  0.300   1.28  0.369  0.003   1 
  83 MCD97A   1721 2012    292     12      0   0.754   0.90   1.98  0.302  0.652  0.229   0.72  0.276  0.009   1 
  84 MCD97B   1730 2012    283     11      0   0.774   0.82   1.70  0.278  0.626  0.234   0.75  0.275  0.007   1 
  85 MCD99A   1669 2012    344     14      0   0.683   0.60   2.42  0.409  0.762  0.323   1.36  0.382  0.004   1 
  86 MCD99B   1726 2012    287     11      0   0.659   0.74   3.16  0.502  0.794  0.306   1.28  0.413 -0.017   1 
  87 MCD99C   1687 2012    326     13      0   0.688   0.55   2.03  0.378  0.786  0.310   1.42  0.381 -0.006   1 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
 Total or mean:          29032   1157      0   0.691   0.77   7.35  0.431  0.796  0.248   1.86  0.302  0.001 
                                              - = [  COFECHA ZZ   COF  ] = - 
 
 
NAD COFECHA OUTPUT 
PART 7:  DESCRIPTIVE STATISTICS: 
                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
   1 NAD01A   1548 2010    463     19      0    .544   1.16   4.32   .737   .909   .191    .66   .244   .016   1 
   2 NAD01B   1542 2010    469     19      0    .602   1.27   5.45   .925   .957   .147    .69   .192   .016   1 
   3 NAD2A2   1585 2010    426     17      0    .547    .64   2.22   .249   .840   .132    .70   .163   .002   1 
   4 NAD04C   1810 2010    201      8      0    .444    .36    .72   .080   .474   .173    .73   .201   .009   2 
   5 NAD05B   1485 2010    526     21      0    .490    .66   2.38   .279   .889   .139    .56   .167  -.009   1 
   6 NAD08A   1881 2010    130      5      0    .583    .65   1.21   .208   .762   .157    .55   .204   .021   1 
   7 NAD08B   1909 2010    102      4      0    .570    .56    .90   .131   .611   .162    .57   .199   .020   1 
   8 NAD09A   1506 2010    505     20      0    .520    .39   1.21   .188   .842   .209    .75   .260  -.016   1 
   9 NAD10A   1516 2010    495     20      0    .591    .54   1.28   .213   .832   .171    .87   .233  -.003   2 
  10 NAD10B   1606 2010    405     16      0    .540    .61   1.64   .195   .738   .162    .89   .213   .007   1 
  11 NAD11A   1876 2010    135      5      0    .641    .49   1.85   .269   .841   .203    .78   .268  -.009   2 
  12 NAD11B   1435 2010    576     23      0    .582    .57   1.99   .280   .878   .181    .92   .246   .007   1 
  13 NAD11C   1492 2010    519     21      0    .629    .55   1.98   .239   .832   .194    .88   .248  -.004   2 1
0
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                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
  14 NAD13A   1905 2010    106      4      0    .586    .50    .96   .196   .767   .216    .83   .319   .006   1 
  15 NAD13B   1562 2010    449     18      0    .536    .92   2.66   .506   .846   .236   1.19   .323  -.001   1 
  16 NAD15A   1746 2010    265     11      0    .572    .58    .83   .114   .702   .127    .41   .162   .001   1 
  17 NAD15B   1832 2010    179      7      0    .563    .50   1.00   .113   .488   .173    .57   .211   .000   1 
  18 NAD17A   1274 2010    737     26      0    .576    .45   1.82   .217   .854   .169    .73   .216   .005   1 
  19 NAD18A   1829 2010    182      7      0    .523    .44    .85   .125   .543   .211    .66   .266   .002   1 
  20 NAD19B   1659 2010    352     14      0    .471    .65   1.47   .237   .681   .226    .91   .281   .010   1 
  21 NAD20A   1670 2010    341     14      0    .683    .62   1.46   .205   .677   .204    .84   .251   .003   2 
  22 NAD20B   1532 2010    479     19      0    .653    .67   1.76   .247   .769   .181    .82   .230   .010   1 
  23 NAD21A   1525 2010    486     19      1    .569    .42    .96   .126   .719   .163    .85   .204  -.004   3 
  24 NAD21B   1491 2010    520     21      0    .631    .43   1.21   .172   .853   .162    .78   .200   .001   3 
  25 NAD22A   1560 2010    451     18      0    .525    .42   1.38   .171   .844   .171    .74   .231   .009   1 
  26 NAD22B   1604 2010    407     16      0    .574    .38   1.16   .156   .852   .174    .55   .206  -.016   1 
  27 NAD24A   1502 2010    509     20      0    .605    .74   1.48   .198   .715   .161    .78   .200   .016   1 
  28 NAD24B   1517 2010    494     20      0    .586    .73   1.80   .242   .726   .189   1.09   .244   .006   1 
  29 NAD25B   1480 1920    441     17      1    .593    .61   1.92   .307   .887   .162    .60   .202   .009   1 
  30 NAD26A   1450 2010    561     22      0    .622    .59   2.32   .308   .883   .171    .84   .224   .012   1 
  31 NAD26B   1410 1989    580     23      1    .625    .52   1.72   .280   .910   .173    .78   .220  -.009   1 
  32 NAD27A   1357 2010    654     26      0    .633    .57   1.71   .233   .853   .172    .64   .212  -.001   1 
  33 NAD27B   1380 2010    631     25      0    .548    .60   1.66   .222   .741   .184    .85   .229   .011   1 
  34 NAD28A   1361 2010    650     26      0    .746    .49   1.90   .262   .915   .158    .70   .214  -.002   2 
  35 NAD28B   1361 2010    650     26      0    .699    .56   1.76   .277   .917   .148    .62   .197   .003   1 
  36 NAD29A   1459 1929    471     19      0    .700    .74   2.04   .328   .895   .156    .65   .198  -.003   1 
  37 NAD29B   1488 1900    413     17      0    .655    .84   1.75   .298   .862   .152    .63   .190  -.011   1 
  38 NAD31A   1760 2010    251     10      0    .588    .35    .96   .147   .845   .181    .71   .213   .006   1 
  39 NAD31B   1360 2010    651     26      0    .631    .53   1.25   .172   .777   .167    .89   .209   .003   1 
  40 NAD32A   1505 2010    506     20      0    .578    .55   1.95   .232   .848   .166    .95   .222   .000   1 
  41 NAD33A   1368 2010    643     26      0    .641    .51   1.47   .236   .903   .152    .64   .200   .005   1 
  42 NAD34A   1491 2010    520     21      0    .613    .70   1.85   .304   .784   .218    .82   .266  -.002   1 
  43 NAD34B   1494 2010    517     21      0    .593    .73   2.12   .347   .814   .205    .84   .274   .009   1 
  44 NAD35A   1617 2010    394     16      0    .582    .44    .89   .132   .819   .144    .55   .181   .015   1 
  45 NAD36A   1701 2010    310     12      1    .524    .46    .91   .186   .857   .178    .64   .216   .002   2 
  46 NAD39A   1718 2010    293     12      0    .641    .54   1.09   .153   .475   .226    .88   .265   .012   1 
  47 NAD40B   1431 1913    483     19      2    .536    .40   1.00   .165   .787   .207    .71   .248  -.011   1 
  48 NAD41A   1712 2010    299     12      1    .538   1.05   2.55   .469   .888   .156    .76   .207   .004   2 
  49 NAD42A   1697 2010    314     13      0    .575  11.64  26.26  5.680   .934   .130    .59   .167   .001   1 
Total or mean:           21141    841      7    .595    .77  26.26   .343   .819   .174   1.19   .222   .003 1
0
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WRD COFECHA OUTPUT 
PART 7:  DESCRIPTIVE STATISTICS: 
                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
   1 WRD01A   1338 2011    674     27      0   0.541   0.39   1.08  0.173  0.769  0.227   1.04  0.291  0.002   1 
   2 WRD01B   1318 2007    690     28      0   0.546   0.26   0.76  0.125  0.841  0.224   0.93  0.292  0.006   1 
   3 WRD02B   1662 2011    350     14      2   0.552   0.66   3.34  0.424  0.772  0.216   1.31  0.324  0.023   1 
   4 WRD03    1776 2011    236      9      0   0.569   0.42   1.06  0.172  0.636  0.255   1.23  0.317  0.022   1 
   5 WRD05A   1357 2011    655     26      0   0.677   0.51   2.07  0.340  0.876  0.210   0.99  0.284 -0.004   1 
   6 WRD05B   1383 1910    528     21      0   0.602   0.55   2.75  0.438  0.928  0.193   0.80  0.245  0.001   2 
   7 WRD06    1575 2011    437     17      2   0.638   0.52   2.02  0.247  0.803  0.215   1.13  0.265 -0.007   1 
   8 WRD07A   1360 2011    652     26      0   0.579   0.44   2.17  0.273  0.897  0.180   0.90  0.262  0.006   1 
   9 WRD08A   1441 2011    571     23      0   0.548   0.39   1.40  0.206  0.733  0.272   1.10  0.353  0.017   1 
  10 WRD09A   1537 2011    475     19      0   0.601   0.41   2.23  0.344  0.881  0.238   1.00  0.304  0.003   2 
  11 WRD11    1628 1831    204      8      0   0.639   0.42   0.81  0.141  0.680  0.211   0.74  0.278 -0.015   1 
  12 WRD12A   1600 1875    276     11      0   0.565   0.51   2.34  0.345  0.837  0.265   1.26  0.337 -0.011   1 
  13 WRD14A   1529 1900    372     15      0   0.525   0.34   1.16  0.191  0.883  0.216   0.91  0.280  0.007   1 
  14 WRD16A   1640 2011    372     15      0   0.531   0.72   2.02  0.294  0.833  0.182   0.79  0.251 -0.001   1 
  15 WRD22    1133 1881    749     25      0   0.653   0.32   0.83  0.110  0.743  0.192   0.72  0.227  0.000   1 
  16 WRD23A   1382 1968    587     23      1   0.534   0.41   2.96  0.457  0.801  0.320   2.20  0.494 -0.004   1 
  17 WRD25A   1409 1899    491     19      1   0.524   4.20  18.36  2.626  0.868  0.196   0.88  0.248 -0.004   1 
  18 WRD26A   1679 2011    333     13      0   0.617   0.65   1.65  0.285  0.766  0.225   0.96  0.294 -0.010   1 
  19 WRD27    1276 1942    667     26      0   0.661   0.41   1.95  0.231  0.806  0.248   1.15  0.305 -0.006   1 
  20 WRD28    1330 1962    633     25      0   0.613   0.54   2.69  0.399  0.894  0.215   0.71  0.257  0.006   1 
  21 WRD30    1271 1886    616     25      0   0.586   0.51   1.70  0.193  0.775  0.178   0.74  0.220 -0.001   1 
  22 WRD31    1475 1968    494     19      0   0.641   0.39   2.11  0.299  0.873  0.234   0.96  0.294 -0.001   2 
  23 WRD33A   1630 2011    382     15      0   0.594   0.42   1.22  0.173  0.688  0.241   1.05  0.299  0.001   1 
  24 WRD36    1391 1901    511     21      0   0.715   0.35   1.11  0.144  0.721  0.222   0.95  0.280 -0.007   1 
  25 WRD38A   1390 1896    507     20      0   0.586   0.45   1.15  0.154  0.768  0.185   0.82  0.243  0.012   1 
  26 WRD38B   1409 2011    603     24      0   0.637   0.50   1.34  0.169  0.677  0.212   0.91  0.267  0.008   1 
  27 WRD39A   1761 2011    251     10      0   0.540   0.68   3.15  0.285  0.622  0.218   0.92  0.262 -0.001   1 
  28 WRD75A   1589 2011    423     17      0   0.456   0.74   3.73  0.559  0.906  0.221   1.22  0.313  0.008   1 
  29 WRD100A  1322 1859    538     22      0   0.683   0.37   0.99  0.181  0.867  0.207   0.69  0.241 -0.004   1 
  30 WRD100B  1298 1999    702     28      0   0.631   0.33   1.08  0.173  0.854  0.222   0.79  0.265 -0.002   1 
  31 WRD101A  1528 2011    484     19      1   0.487   0.50   0.97  0.154  0.706  0.186   0.94  0.227 -0.002   3 
  32 WRD103A  1364 2011    648     26      0   0.615   0.44   1.52  0.209  0.818  0.226   1.04  0.293 -0.019   1 
  33 WRD103B  1340 2000    661     27      0   0.624   0.39   1.52  0.307  0.947  0.232   0.83  0.296  0.006   1 1
1
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                                                Corr   //-------- Unfiltered --------\\  //---- Filtered -----\\ 
                           No.    No.    No.    with   Mean   Max     Std   Auto   Mean   Max     Std   Auto  AR 
 Seq Series   Interval   Years  Segmt  Flags   Master  msmt   msmt    dev   corr   sens  value    dev   corr  () 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
  34 WRD104A  1482 2011    530     21      0   0.651   0.56   2.26  0.292  0.883  0.184   0.73  0.235  0.008   1 
  35 WRD104B  1526 2011    486     19      0   0.652   0.52   1.39  0.277  0.898  0.191   0.74  0.234  0.007   1 
  36 WRD105A  1539 2011    473     19      0   0.489   0.40   1.48  0.193  0.879  0.185   0.75  0.237 -0.012   1 
  37 WRD105B  1360 2010    651     26      1   0.566   0.46   0.93  0.147  0.786  0.161   0.77  0.206 -0.003   1 
  38 WRD107A  1547 1975    429     18      0   0.609   0.52   1.56  0.305  0.914  0.205   0.72  0.252  0.003   1 
  39 WRD108A  1504 1838    335     13      0   0.704   0.45   2.05  0.244  0.882  0.192   0.66  0.240  0.014   1 
  40 WRD108B  1449 1976    528     22      0   0.642   0.40   3.41  0.349  0.863  0.221   1.03  0.322 -0.001   5 
  41 WRD110A  1681 2011    331     13      0   0.620   0.28   0.82  0.107  0.715  0.222   0.93  0.279  0.000   1 
  42 WRD110B  1778 2011    234      9      0   0.634   0.52   1.20  0.170  0.691  0.186   0.69  0.239 -0.014   1 
  43 WRD110C  1718 2011    294     12      0   0.512   0.51   1.53  0.302  0.907  0.202   0.78  0.251  0.002   2 
  44 WRD111A  1661 2011    351     14      0   0.676   0.41   1.15  0.151  0.748  0.200   0.73  0.244 -0.006   1 
  45 WRD111B  1538 2011    474     19      0   0.550   0.68   3.21  0.482  0.901  0.204   1.12  0.279  0.001   1 
  46 WRD113A  1545 2011    467     19      0   0.602   0.69   1.81  0.216  0.724  0.180   0.65  0.234  0.004   1 
  47 WRD113B  1625 2011    387     15      0   0.630   0.82   2.90  0.400  0.872  0.161   0.65  0.207 -0.008   1 
  48 WRD118A  1527 2011    485     19      0   0.453   0.39   1.00  0.165  0.796  0.191   0.97  0.254  0.010   1 
  49 WRD118B  1528 2011    484     19      0   0.536   0.45   1.05  0.185  0.794  0.223   0.85  0.273  0.002   1 
  50 WRD119A  1544 2007    464     19      0   0.507   0.41   1.81  0.278  0.863  0.247   1.35  0.335 -0.015   1 
  51 WRD119B  1606 2011    406     16      0   0.588   0.58   1.76  0.297  0.860  0.211   0.85  0.290  0.007   1 
  52 WRD122A  1438 1958    521     21      0   0.607   0.67   1.57  0.223  0.787  0.172   0.82  0.234 -0.017   1 
  53 WRD122B  1485 1871    387     15      0   0.534   0.66   3.15  0.360  0.854  0.203   0.89  0.268 -0.009   1 
  54 WRD124A  1614 1968    355     14      0   0.580   0.77   2.87  0.445  0.798  0.271   0.96  0.350 -0.003   1 
  55 WRD124B  1683 1974    292     11      0   0.655   0.40   1.01  0.165  0.667  0.282   0.89  0.326  0.004   1 
 --- -------- ---------  -----  -----  -----   ------ -----  -----  -----  -----  -----  -----  -----  -----  -- 
 Total or mean:          26136   1036      8   0.592   0.55  18.36  0.300  0.817  0.213   2.20  0.276  0.000 
 
                                              - = [  COFECHA ZZ   COF  ] = - 
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